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Polyphagia induced in rats by insulin injections, in a previous ex- 
periment, resulted in deposits of fat in periportal hepatic parenchymal 
cells.’ This paper describes a parallel experiment in which hypothalamic 
damage in rats was followed by more pronounced polyphagia and even 
greater periportal deposits than in insulin-injected rats. 

By using a stereotaxic instrument to inflict hypothalamic lesions, 
Hetherington and Ranson? produced marked obesity in rats. Results of 
their investigations and those of others indicated that the obesity resulted 
chiefly from polyphagia.** Hetherington and Ranson’ and Brobeck, 
Tepperman, and Long® noted that fatty livers occurred in association 
with obesity in rats having hypothalamic lesions; however, they did 
not describe the distribution of fat within either the liver lobule or the 
individual cells. 

The present experiment was designed to investigate further the 
effect of elevated caloric intakes on the dietary choline concentration 
necessary to prevent fatty livers. The results demonstrated that the 
minimum percentage of choline required was not increased by poly- 
phagia. But extensive periportal deposition of fat occurred in livers of 
the obese animals, and it was not prevented by elevating the level of 
supplementary choline from 0.05 per cent to 0.5 per cent with or without 
a supplement of casein. 


These experiments were aided by United States Public Health Service Grant No. C-2548 
and by a grant from the Lipotropic Foundation. 
Received for publication, July 15, 1959. 
* Trainee in Experimental Pathology under United States Public Health Service Grant 
No. 2G-66. 
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EXPERIMENTAL METHODS 


Two experiments were performed: Experiment I to investigate the 
effect of a dietary choline supplement, and Experiment II to determine 
the additional effect of a casein supplement. In Experiment I, 58 male 


TABLE I 


DESIGN OF EXPERIMENT I 


Group No. of 
no. Description animals 
I Marginal (0.05%) choline chloride supplement, 20 

hypothalamic injury 

II Marginal (0.05%) choline chloride supplement, 7 
no operation 

III High (0.5%) choline chloride supplement, 19 
hypothalamic injury 

IV High (0.5%) choline chloride supplement, 7 


no operation 


albino rats, weighing from 117 to 148 gm., were used. The basic diet was 
the same modification of the one employed by Best, Hartroft, Lucas and 
Ridout,® used by Meyer and Hartroft in the insulin-polyphagia ex- 
periment.’ It consisted of vitamin-free casein, 10 per cent; gelatin, 5 per 
cent; zein, 3 per cent; L-cystine, 0.3 per cent; salts,’° 5 per cent, non- 
nutritive cellulose, 2 per cent; sucrose, 41.7 per cent; dextrin, 20 per 
cent; beef fat, 10 per cent; corn oil, 2 per cent; and vitamin mixture, 
I per cent by weight.* 

While the animals were under diethyl ether anesthesia, lesions of 
the ventromedial nuclei of the hypothalamus were induced bilaterally by 
electrocoagulation, using a stereotaxic instrument, as described by 
Krieg."’ These and control animals were placed into 2 dietary groups as 
described in Table I. The diet supplemented with 0.05 per cent choline 
(“marginal choline”) contained only enough lipotropic factors to pre- 
vent development of more than slight centrilobular fatty change in 
livers of young adult male rats of the strain used in this experiment. The 
diet supplemented with the higher level of choline (0.5 per cent) did not 
differ in any other respect from the “marginal choline” diet. Weight 
distribution in the 4 resulting groups was uniform at the beginning of 
the experiment. 


* Each gram of the vitamin mixture contained thiamine hydrochloride, 1 mg.; riboflavin, 
I mg.; pyridoxine hydrochloride, 1 mg.; calcium pantothenate, 3 mg.; niacin, 4.5 mg.; 
folic acid, 0.09 mg.; inositol, 5 mg.; menadione, 2.25 mg.; para-aminobenzoic acid, 5 mg.; 
alpha-tocopherol acetate, 5 mg.; ascorbic acid, 45 mg.; vitamin A, 900 units; vitamin D, 
100 units; biotin, 20 wg.; and vitamin Bis, 1.35 wg. 
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Before operation, the anesthetized animals were weighed and the 
lengths of their tails were measured. Unoperated, nonanesthetized 
control rats were similarly weighed and measured. The animals were 
housed in individual cages in an air-conditioned room. Before the begin- 
ning of the experiment, they were fed a standard laboratory diet; there- 
after, they were given special diets and water ad libitum. The diets were 
prepared each week and stored in plastic containers at 4° C.; the animals 
were fed each day except Sunday (double portions each Saturday), and 
the uneaten food was weighed and discarded. 

Each rat received the special diet for 7 to 8 weeks and then was 
sacrificed with diethyl ether. Body weight, nose to anus length, and 


TABLE II 


DESIGN OF EXPERIMENT I 


Group No. of 
no. Description animals 
Vv High (0.5%) choline chloride supplement, 25 
hypothalamic injury 
VI High (0.5%) choline chloride supplement, 5 
no operation 
VII High (0.5%) choline chloride supplement, 24 
plus casein supplement, hypothalamic injury 
VIII High (0.5%) choline chloride supplement, 5 


plus casein supplement, no operation 


tail length were determined. The liver, kidneys and testes were weighed, 
and blocks of each were placed in 10 per cent formalin solution contain- 
ing 10 per cent each of calcium chloride and cobalt nitrate. Hepatic 
lipid concentrations (wet weight) were determined on fresh tissue by 
chloroform extraction, according to the method of Payne.’? Carcasses 
were frozen, and total lipid content was measured later, according to 
the following procedure: The carcass, from which the head, distal parts 
of the extremities, tail, stomach, and cecum had been removed, was 
flayed, minced, and put in a blender at top speed for one minute. A 
sample of about 0.8 gm. was extracted for fat as described by Payne.’* 
Analyses of total carcass lipid were carried out on all animals except 
two in group II and one in group IV. Duplicate liver and carcass lipid 
analyses yielded values corresponding within a range of error of plus 
or minus 5 per cent. Data were subjected to statistical analysis by the 
t test.1* 

Frozen sections of the left anterior lobe of each liver were stained 
for fat with oil red O and counterstained with hematoxylin and light 
green, and paraffin sections of several fatty and nonfatty livers were 
stained with hematoxylin and eosin. 
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Experiment II also was performed with male albino rats. They 
weighed 155 to 275 gm. initially and were evenly distributed by weight 
among 4 experimental groups. The design of this experiment is indicated 
in Table II. The animals in groups V and VII, which contained 25 and 24 
rats respectively, were subjected to hypothalamic electrocoagulation by 
the same technique used in Experiment I. Those in group V were fed the 
basal diet supplemented with 0.5 per cent choline chloride, and those 
in group VII received a diet derived from the basal diet by eliminating 
the gelatin and zein, reducing the sucrose to 39.7 per cent, increasing 
the casein content to 20 per cent, and adding a supplement of choline 
chloride of 0.5 per cent. This diet was formulated with the object of 
producing a complete diet free of amino acid imbalances. Zein (defi- 
cient in tryptophan and lysine **) and gelatin (deficient in tryptophan *) 
were included in the basal diet because of their low methionine content 
(labile methyl groups). Casein has a better amino acid balance.** Os- 
borne and Mendel concluded that diets containing 18 per cent casein 
supported growth of rats at maximum rates and that 12 per cent casein 
was sufficient when supplemented with cystine. However, Mulford and 
Griffith ** found increased growth resulted when a supplement of 0.2 per 
cent cystine was added. Since their diet contained 19 per cent fat and 
the diet used in this experiment contained only 12 per cent fat (lower 
caloric density) and 20 per cent casein with a supplement of 0.3 per 
cent L-cystine, absolute and relative amino acid concentrations would 
appear to be nearly optimum. 

Groups VI and VIII each consisted of 5 unoperated animals, group 
VI receiving the same diet as group V, and group VIII the same diet as 
group VII. Diets were mixed, stored, and served to the animals as in 
Experiment I, all animals receiving food and water ad libitum. Animals 
were sacrificed after 6 to 69 days of the experimental regimen, and 
necropsies were performed as in Experiment I. In addition to fixation in 
the formalin solution, blocks of livers from all animals were fixed in 
Dalton’s chrome-osmium solution for one hour at room temperature. The 
latter blocks were dehydrated in ascending concentrations of alcohol, 
and embedded in methacrylate. Selected specimens were later sectioned 
with a Porter-Blum microtome and examined by electron microscopy. 
Blocks of pancreases were also fixed in Bouin’s solution and stained 
with hematoxylin and eosin, aldehyde-fuchsin, and chrome alum hema- 
toxylin phloxine. Obesity was estimated visually at the time of necropsy. 
Because visual estimates of obesity correlated well with those determined 
by carcass lipid analyses in Experiment I, carcass analysis was omitted. 
Hepatic lipid was estimated by examination of frozen sections stained 
with oil red O, and the determination by chloroform extraction, as in 
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Experiment I, was carried out on several livers. The microscopic estima- 
tion of fat was applied to centrilobular and periportal zones individually 
to determine lobular distribution of fat in parenchymal cells. 

A scale of 7 arbitrarily defined points was used, increasing from grade 
o to grade 6. Absence of stainable fat was designated grade o. Portal 
or central areas containing small or moderate amounts of intracyto- 
plasmic fat were assigned grades 1, 2 or 3, depending on the percentage 
of parenchymal cells affected (grade 1, up to 50 per cent of cells; grade 
2, 50 to 85 per cent; grade 3, more than 85 per cent). Grades 4, 5 and 6 
pertained to more advanced degrees of centrilobular or periportal fatty 
accumulation. In these cases, all or nearly all of the parenchymal cells 
contained fat, and the grade assigned depended on the amount (grade 
4, one half or more of the cytoplasm replaced by fat in 15 to 50 per cent 
of the cells; grade 5, in 50 to 85 per cent; grade 6, in 85 per cent or 
more). Cells were not counted, but results were reasonably reproducible. 

An estimate of the total hepatic content of fat was made by totaling 
the estimates for centrilobular and peripheral areas. The maximum grade 
possible was 12. Slides were examined without the examiner’s (JSM) 
knowledge of their identities. 


RESULTS 
Experiment I 

Three animals in group I, and 2 in group III died postoperatively. 
The food intake and growth of one nonobese animal in group I were far 
below normal for inapparent reasons. Because of great differences be- 
tween this animal and all others, it was excluded from the analysis. The 
other animals survived the duration of the experimental period and either 
became obese or, at least, ate and grew normally. Data are summarized in 
Table III. 

Not all animals operated on became obese. To enable comparison ac- 
cording to obesity, those with flayed carcasses containing more than 40 
per cent lipid (wet weight) were designated arbitrarily as obese. Thus, 
there were 7 obese animals in group 1 (marginal choline diet, hypothal- 
amic injury), 11 in group III (high choline, hypothalamic injury), and 
none among the rats which had no operation. Carcass lipid levels ranged 
from 13 to 34 per cent of wet weight in the animals designated nonobese, 
and from 44 to 68 per cent in those designated obese. Results of judgment 
of obesity by inspection agreed closely with the information obtained 
by carcass lipid determinations; none of the 3 animals which did not 
have carcass lipid determinations appeared obese. Records of food intake 
gave evidence that obesity was associated consistently with high food 
intake. Only 3 obese animals ate less than the greatest amount consumed 
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by any nonobese animal, and the differences were small. The average 
daily intake of the nonobese animals was 18 gm.; that of the obese 
animals, 25 gm. Daily records of food intake indicated that obesity had 
not reached its maximum (the animals were still in the “dynamic 
phase” **), for food intakes were only beginning to decrease when the 
rats were sacrificed. Weight records confirmed this conclusion, because 
all rats continued to gain weight at substantial rates until the experiment 
was terminated. 

Extensive subcutaneous, mesenteric, and retroperitoneal fat deposi- 
tion, and enlarged, yellowish livers were striking in the obese animals at 
necropsy (Figs. 1 and 2). Differences in hepatic weight between obese 
and nonobese rats were significant at the 5 per cent level of confidence, 
but the several groups of nonobese animals were found to have no such 
significant differences. Increased weights of livers in obese rats were 
primarily a result of accumulation of fat. Lipid levels in the livers of 
obese animals ranged from 7 to 47 per cent of wet weight, with a mean of 
17 per cent for the obese, marginal choline group, and a mean of 14 per 
cent for the obese, high choline group. These values are comparable to 
those reported by Mankin and colleagues.'* The difference between the 
means of the obese groups (0.05 and 0.5 per cent choline chloride) is 
insignificant (50 per cent level of confidence), and the fattiest liver oc- 
curred in the high choline group. Hepatic lipid levels in the nonobese 
animals ranged from 3.2 to 8.2 per cent with the exception of one animal 
in the marginal choline, nonobese, operated group. The histologic ap- 
pearance of this liver (large globules of fat displacing nuclei) strongly 
suggested that the increase in fat occurred because of unusual sensitivity 
to a relatively slight degree of lipotropic deficiency. Such variation 
in sensitivity has been noted before.’® Differences between hepatic 
content of lipid in the obese and nonobese animals of each group were 
significant at the 5 per cent level of confidence, but no significant differ- 
ences existed between the low and high choline groups. Therefore, 
abnormal deposition of hepatic fat was related only to obesity and not 
to the lipotropic content of the diet. 

Microscopic examination of frozen sections of the livers in the obese 
rats, stained with oil red O and hematoxylin, revealed a pattern of fatty 
metamorphosis which differed strikingly in several respects from the 
type characterizing choline deficiency. Fatty deposition associated with 
obesity was primarily periportal and never centrilobular, In more se- 
verely fatty livers, the distribution was diffuse except for a tendency to 
spare parenchymal cells immediately adjacent to the lumens of central 
veins. Although the fat-containing cells in the livers of obese animals 
were greatly enlarged, they maintained their polygonal outlines, and 
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their cell membranes were clearly defined (Figs. 9 and 10). Nuclei, 
which frequently contained stainable fat in droplets enclosed by mem- 
branes, usually were not displaced. Intracytoplasmic fat occurred in 
innumerable contiguous microvacuoles barely large enough to be re- 
solved by a magnification of 400 times instead of forming large, homo- 
geneous globules displacing nuclei, as happens in lipotropic deficiency. 
Of the extremely fatty cells in the livers of the obese animals, none re- 
sembled those seen in lipotropic deficiency *° (Figs. 4 and 12). In the 
fatty livers of obese animals, portal and central regions were separated 
by much greater distances than in control animals. This increase in 
lobular size evidently was a result of cellular hypertrophy rather than 
hyperplasia. A few lymphocytes had infiltrated portal areas, but necrosis, 
fibrosis, increased mitotic activity, and distortion of the lobular archi- 
tecture were absent. 

Amounts of fat-free material in the flayed carcasses were computed 
by subtracting the weight of fat from the total weight. The mean fat-free 
weight of the obese animals in both dietary groups was significantly less 
(5 per cent level of confidence) than that of their operated but nonobese 
counterparts. Differences between carcass fat-free weights among the 
nonobese groups were not significant; therefore, diet and operation per 
se did not affect carcass fat-free weight significantly. A second measure 
of growth, change in tail length, suggested a slower growth rate in the 
obese animals, but the differences were significant at the 5 per cent level 
of confidence only in the 0.5 per cent choline division. From the data 
pertaining to carcass fat-free weights and tail growth, it may be con- 
cluded that deposition of fat in the obese rats was not attended by an 
accretion of nonfatty tissue and that obesity produced by hypothalamic 
hyperphagia might result in decreased growth of nonfatty tissue. 

Differences between the means of renal and testicular weights among 
the various groups were not significant. A tendency was evident, how- 
ever, for the most severely obese animals to have small testes. The ex- 
pected “electrolytic lesions,” about 1.5 mm. in diameter, were found 
in each side of the ventral aspect of the median eminence of the hypo- 
thalamus in operated animals. No gross abnormalities were noted in 
the adrenal or pituitary glands. 

Behavioral changes of animals with hypothalamic lesions were similar 
to those described by others.*:*"? Most rats were extremely hyperactive 
for a few hours postoperatively and then somewhat less active than the 
controls. All were irritable postoperatively, but most became tamer after 
several weeks. Only one animal, an obese member of group I, manifested 


polydipsia. 
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Experiment II 


The results with the basal diet supplemented by 0.5 per cent choline 
chloride (Table IV) were similar to those of the first experiment. The 
livers of obese animals accumulated large amounts of stainable fat in 
periportal parenchymal cells with the peculiar small droplet appearance 
already described (Figs. 3 and 5 to 8). In addition to the cytoplasmic 
fat, as in the first experiment, many nuclei of periportal parenchymal 
cells contained fat. 

In analyzing the results of this experiment, the animals were separated 
by level of food intake rather than by obesity. This was done because 
several animals in each dietary group were sacrificed at varying intervals 
before the termination of the experiment to furnish information pertain- 
ing to the early effects of polyphagia, and some of the polyphagic ani- 
mals, therefore, were prevented from becoming obese. As in Experiment 
I, the levels of food intake and obesity ratings of rats surviving longer 
than 4 weeks correlated well. 

The results are summarized in Tables IV and V. Effects of polyphagia 
on the rats fed the basal diet supplemented with 0.5 per cent choline 
chloride were similar to those seen in Experiment I. Livers of polyphagic 
animals accumulated large amounts of stainable fat in periportal paren- 
chymal cells with the peculiar small droplet distribution already de- 
scribed, and nuclei of many of these cells also contained fat (Fig. 11). 
Electron micrographs demonstrated the fine droplet nature of the fat in 
greater detail than was possible by light microscopy. Droplets of fat 
clearly separated by cytoplasmic septums in electron micrographs (Fig. 
13) appeared as single, larger droplets when seen through the light micro- 
scope because of the inability of the latter to resolve the thinner septums. 
Electron microscopic examination could not detect septums subdividing 
the large globules of fat seen in livers of choline-deficient rats (Fig. 14). 

Modification of the dietary protein content (20 per cent casein, 0.5 
per cent choline chloride diet) resulted in slight reductions in hepatic 
fat content in both polyphagic and nonpolyphagic animals but did not 
alter its distribution. Stainable lipid was located predominantly in peri- 
portal areas in the liver of every polyphagic animal fed either diet, no 
matter how long it had received the diet. The most extreme degree of 
hepatic fat storage occurred in a polyphagic, obese rat fed the basal diet 
supplemented only by 0.5 per cent choline chloride. Its liver had the 
following indexes of fat content: periportal grade 6, centrilobular grade 
5, and 44 per cent of wet weight. Even in this very fatty liver, relatively 
fat-free parenchymal cells still remained in foci immediately adjacent 
to central veins, although all others were filled with fat. The fattiest 
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liver occurring in the group fed the diet containing 0.5 per cent choline 
chloride and 20 per cent casein was found in a polyphagic and obese 
animal sacrificed after only 26 days. Its indexes of hepatic fat were peri- 
portal grade 6, centrilobular grade 3, and 24 per cent of wet weight. 


TABLE V 


EARLY HEPATIC EFFECTS OF POLYPHAGIA * 


No. days Mean daily Mean daily Hepatic fat indexes 
Animal after food intake wt. gain Peri- Centri- Total fat 
Group no. operation + (gm.) (gm.) portal lobular (% wet wt.) 


V 7 6 27 2.3 4 2 4.7 
(polyphagic) 

Vv 16 34 8.5 4 5.8 
(polyphagic) 

Vv 30 8.3 16.0 
(polyphagic) 

Vv 27 5.0 
(polyphagic) 

Vv 3 24 7.2 
(polyphagic) 

Vv I 13 : 3.6 
(nonpolyphagic) 

VI 52 20 3 5.0 
VII 26 : 3 I 39 
(polyphagic) 
VII 32 
(polyphagic) 
VII 23 
(polyphagic) 
VII 24 
(polyphagic) 
VII 
(polyphagic) 
VII 3 
(nonpolyphagic) 
VII 27 43 
(nonpolyphagic) 
VIII 4.5 4.6 
VIII 56 5.6 2 3 §.2 


* Includes all animals sacrificed after fewer than 27 days of experimental regimen. 

tIn the case of unoperated animals, figures indicate the number of days animals 
received experimental diet. 

t Blocks of this animal’s liver were lost. 


The data in Table V show that livers of rats may contain large 
amounts of lipid in periportal locations after polyphagia of less than 
4 weeks’ duration. Rat number 6 (group V) had a mean daily food intake 
of 35 gm. during the 4 days before it was killed and 27 gm. for the entire 
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6-day postoperative period. Even after this brief period of polyphagia, 
definite accumulation of periportal lipid had occurred (periportal grade 
4, centrilobular grade 2, 4.7 per cent of wet weight). Animals with 
polyphagia of longer duration generally had more advanced degrees of 
periportal lipid storage. These data indicate that the accumulation of 
fat in the periportal areas of polyphagic rats was a function of both in- 
tensity and duration of polyphagia. The same factors govern the deposi- 
tion of fat in adipose tissue. 

The sections of 5 pancreases from moderately and severely obese 
animals and 6 from nonobese animals were compared, using hematoxylin 
and eosin and aldehyde-fuchsin stains. More large islets appeared to be 
present in the organs of the obese than in the nonobese animals, but the 
difference was not striking. No other differences were noted. 

In both dietary groups hepatic weight correlated roughly with body 
weight and hepatic lipid content. Other organs were not weighed. Hypo- 
thalamic lesions were noted grossly in the same positions as in Experi- 
ment I in most operated animals. Some of the operated animals had 
small testes, but gross appearances were otherwise normal. The behavior 
of the animals with hypothalamic lesions was similar to that described in 
Experiment I. No animal in Experiment II showed diabetes insipidus. 

To explore the effect of starvation on fatty livers of polyphagic and 
obese animals, the left anterior hepatic lobes were removed from 2 
polyphagic, obese rats in the group fed the diet containing 0.5 per cent 
choline chloride and 20 per cent casein, 50 days after hypothalamic 
electrocoagulation. They were then starved for 2 days postoperatively, 
sacrificed, and examined at necropsy. The biopsy specimen of the first 
animal showed the following hepatic lipid indexes: periportal, grade 6; 
centrilobular, grade 3; and total lipid, 15 per cent of wet weight. After 
2 days of starvation and loss of 50 gm. of body weight from the original 
505 gm., the indexes were: periportal, grade 6; centrilobular, grade 4; 
and total lipid, 21 per cent of wet weight. The second animal behaved 
in similar fashion with loss of 44 gm. of body weight from 505 gm., and 
change in hepatic fat indexes from periportal, grade 4; centrilobular, 
grade 3; and total lipid, 7.7 per cent of wet weight; to periportal, grade 
5; centrilobular, grade 3; and total lipid, 15 per cent of wet weight. 
Mitotic figures were frequent in cells heavily laden with fat. 


DISCUSSION 


In another publication,’ we described the production of slight to 
moderate degrees of fat accumulation in periportal parenchyma by in- 
creasing the food intake of rats by insulin injection. Accumulation of 
periportal fat was not prevented by lipotropic supplements. In the pres- 
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ent investigation, a more intense polyphagia produced by hypothalamic 
lesions and resulting in correspondingly more intense periportal fat ac- 
cumulation was again unaffected by dietary choline. Cytologic details of 
the fatty hepatic cells in the polyphagic, obese animals were similar to 
those seen in the rats given injections of insulin, except that parenchymal 
cells in the former group contained more fat than in the insulin-treated 
animals. The difference may be attributed to the intensity of the poly- 
phagia, and the similarities suggest that polyphagia, rather than specific 
effects of the hypothalamic damage or insulin injections, is responsible 
for the hepatic fat accumulation. 

The possibility was considered that the periportal fat storage in the 
insulin-treated, polyphagic rats might have been caused by an increased 
requirement, polyphagia-induced, of one or more amino acids rather 
than by the polyphagia itself. Nearly one half of the protein in the basal 
diet used in both experiments was incomplete; thus, the diet may have 
been of marginal adequacy in one or several essential amino acids. De- 
ficiency of certain essential amino acids has been amply demonstrated 
to cause fatty livers.?*:?5 In polyphagic animals with hypothalamic dam- 
age, however, the removal of incomplete proteins from the diet and the 
elevation of casein content from ro to 20 per cent failed to prevent peri- 
portal accumulation of fat although it did appear to reduce the amounts 
of fat in both periportal and centrilobular areas slightly. Measurements 
of tail growth and terminal total body lengths in the rats with hypo- 
thalamic injury showed no increased growth attributable either to the 
operation or to the polyphagia. To the contrary, measurements of both 
obese and nonobese animals in this group were slightly less than in those 
of the control animals fed the same diet without operation. The elevation 
of casein content of the diet to 20 per cent did not accelerate growth 
appreciably in either the animals with hypothalamic injury or the con- 
trols which were not operated upon. For these reasons the possibility 
seems remote that the periportal hepatic lipid accumulation was due to an 
induced deficiency of essential amino acids. It appears to be a direct 
result of polyphagia. Fat storage under conditions of hyperalimentation 
in rats, therefore, is not limited to the adipose tissue but also occurs in 
the liver. The liver is able to play a role in fat storage early in hyper- 
alimentation, before the appearance of recognizable obesity, as indicated 
by the early appearance of increased amounts of fat in periportal loca- 
tion after brief periods of polyphagia. The rate at which fat may be 
mobilized from the livers of obese rats during starvation is not known. 
Striking increases in hepatic fat content noted in two obese animals with 
hypothalamic damage after two days of starvation following left hepatic 
lobectomy are not surprising, for increases in hepatic fat content are 
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known to occur acutely following partial hepatectomy.**> During star- 
vation the greatest increases occur in the animals with the greatest 
amounts of adipose tissue.** Studies with deuterium-labeled fatty acids 
by Mankin and co-workers?* have demonstrated active turnover of 
hepatic fat in obese rats with hypothalamic injury and suggest that 
under certain conditions favoring mobilization or accumulation of he- 
patic fat, rapid changes might occur. 

Cells containing large amounts of fat in livers of choline-deficient 
rats and in those of polyphagic animals exhibit unique differences. Dep- 
osition of lipid in choline deficiency begins as small, intracellular drop- 
lets which soon fuse, producing increasingly large vacuoles and spher- 
ules, with eventual rupture of cells to form fatty cysts.2° Unpublished 
observations of our own show that in choline deficiency, fatty cysts occur 
when hepatic lipid concentration is as low as 20 per cent of wet weight, 
whereas in the livers of obese rats, containing up to 47 per cent fat, 
cyst-formation was unusual, and extensive enlargement of individual 
cells was the characteristic cytologic feature. The cells are regarded as 
hypertrophic rather than merely enlarged or swollen as in choline de- 
ficiency, because they retain their polyhedral shapes and centrilobular 
nuclei. The fat is contained in minute cytoplasmic compartments which 
persist even in extremes of fat storage. In choline deficiency, the com- 
partments are soon destroyed, converting the cells into sacs of lipid, 
with nuclei displaced to the sides and distorted into concavo-convex 
discs. The resulting cells are swollen and distorted. In distinction, the 
fat-containing cells in the periportal type of fatty liver here described 
are truly hypertrophied, rather than simply enlarged, and present normal 
but magnified shape and pattern. Neither intracellular nor extracellular 
fusion of adjacent fat globules is as frequent as in choline deficiency. 

The architectural differences between fatty livers resulting from 
choline deficiency and those effected by polyphagia suggest that the 
fatty change in polyphagia represents a physiologic response to increased 
metabolic demand, rather than a reaction to injury. The ability of the 
liver to meet the demand made by the degree of hyperalimentation in 
this experiment appears sufficient to prevent serious distortion. In hyper- 
alimentation, the liver appears able to store larger amounts of fat with- 
out cellular damage (fibrosis, cirrhosis) than in choline deficiency. 

Dietary choline content is evidently not a factor which limits the 
capacity of the liver to adjust under these conditions, if it is administered 
in amounts large enough to meet the normal minimum dietary require- 
ment (as per cent). Hyperalimentation did not elevate the choline re- 
quired per unit caloric intake. Restriction of food intake below ad libitum 
levels reduces the percentage of choline required in diets of fats to pre- 
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vent fatty livers.*°*’ The experiment reported here demonstrates that 
the converse is not true—that is, hyperalimentation did not elevate the 
relative choline requirement above that of controls fed ad libitum. 

Elsewhere we have emphasized the distinct differences in response of 
various portions of the liver lobule to various stimuli (toxins, anemia, 
and dietary deficiency ). Here polyphagia is added to the list. In addition 
to exhibiting a characteristic zonal pattern of fat distribution (peri- 
portal), its effects are characterized by cytologic features which may 
even be pathognomonic. Hypertrophied, lipid-laden cells of this type 
have not been described in the liver of man, although the association of 
fatty hepatic change with obesity has been reported.***° Photomicro- 
graphs by Sherlock, Bearn, and Billing *® and by Zelman,” illustrating 
liver biopsy specimens from obese human subjects showed hepatic paren- 
chymal fat as large cytoplasmic globules, and Sherlock ** described it as 
peripheral in lobular localization. While these reports have not described 
fatty hepatic parenchymal cells similar to those seen in obese rats, it 
would seem that further investigation is desirable to determine whether 
or not they may occur in man. 


SUMMARY 


Rats with experimentally induced hypothalamic lesions were fed a 
semisynthetic diet and became polyphagic and obese. Obesity was as- 
sociated with hypertrophy and fatty metamorphosis of the liver. The 
fat accumulated in parenchymal cells situated consistently in periportal 
positions. Many of the cells, in which the fat appeared as innumerable 
closely packed cytoplasmic microdroplets, were hypertrophic but main- 
tained their polygonal outlines. Fat was also found within nuclei. Sup- 
plementation of a basal diet marginal in lipotropic content, with high 
concentration (0.5 per cent) of choline chloride, did not reduce the 
amount of fat in the livers of these animals or alter the unique micro- 
scopic appearances. Further modification of the diet, to furnish a higher 
concentration of protein with amino acid balance more nearly optimum 
for growth, did not alter the hepatic response to polyphagia and obesity 
except to reduce the accumulation of lipid slightly. 

The livers of the polyphagic animals were sometimes intensely fatty 
(up to 47 per cent of wet weight). Nonetheless, microvacuoles of fat did 
not coalesce to form large globules displacing nuclei. The fat was not 
extruded from the cells to form fatty cysts, a characteristic of choline 
deficiency. The livers of polyphagic animals were better able to store 
larger amounts of fat without obvious cellular injury than the livers of 
choline-deficient rats. The lobular distribution of the fat was also unlike 
that in choline deficiency, for deposition began near portal areas rather 
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than pericentrally, and cells about central veins were spared to some 
degree even in advanced fatty change. The data indicate that excessive 
caloric intake by rats under these conditions does not increase the choline 
requirement. It does, however, lead to early and progressively increasing 
accumulation of periportal lipid which choline and casein supplements 
cannot prevent. 
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LEGENDs FOR FIGURES 


Conventional photomicrographs shown here are of frozen sections stained for fat 
with oil red O, hematoxylin, and light green. Fat appears black. 


Fic. 


Fic. 


Fic. 


Fic. 


1. Comparison of polyphagic, obese rat (right) with unoperated control (left). 
Polyphagic rat gained 193 gm. during 26 days postoperatively, and control ani- 
yaal gained 135 gm. during 24-day experimental period. 


2. Livers of rats shown in Figure 1. The liver on the bottom is from the poly- 
phagic, obese animal. On its surface, a reticular pattern representing periportal 
fat can be seen. Total lipid content, 24 per cent of wet weight. Liver on top is 
from the normal, control animal which contained 5.2 per cent lipid, wet weight. 


3. Liver of polyphagic, obese rat in group V (0.5 per cent choline chloride) 
with clearly delimited periportal fat accumulation (periportal, grade 5; centri- 
lobular, grade 2; total lipid, 16 per cent of wet weight). Fat appears as closely 
packed, fine droplets. Cells about a central vein (top) are nearly free of 
lipid. Large globules of fat and fat cysts are absent. Compare with Figure 4. 
X 190. 


4. Liver of a choline-deficient rat (basal diet unsupplemented with choline; 
total hepatic lipid, 35 per cent of wet weight). Fat is present chiefly in large 
cytoplasmic globules and fat cysts about a central vein (top) with lesser amounts 
periportally (bottom). X 190. 
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5. Liver of a polyphagic, obese rat (same rat as in Figure 3). The typical peri- 
portal pattern of lipid distribution is shown. X 65. 


6. Liver of a polyphagic, obese rat in group V (0.5 per cent choline chloride) 
with moderate periportal accumulation of fat (periportal, grade 4; centrilobular, 
grade 3). Portal area is on bottom, central vein on top. Note the presence of 
very fatty cells surrounded by others nearly free of fat, a feature frequently seen 
in livers with slight to moderate periportal fat storage. X 190. 

7. Liver of a polyphagic, obese rat in group VII (0.5 per cent choline chloride, 
20 per cent casein) shows advanced periportal accumulation of fat (periportal, 
grade 6; centrilobular, grade 3; total lipid, 24 per cent of wet weight). Only 
cells adjacent to central veins are not filled with fat. x 65. 


8. Liver of the same polyphagic, obese rat shown in Figure 7. Portal area is 
on the bottom, central vein on top. Note the absence of large globules of fat 
and fat cysts. X I9g0. 


i. 

| 
g 
= 


= 
< 
q 


April, 1960 


386 


Fic. 


Fic. 


Fic. 


Fic. 


MEYER AND HARTROFT Vol. 36, No. 4 


g. Liver of an obese, polyphagic rat. A fat-laden parenchymal cell has a cen- 
trally located nucleus with fat present as many small, cytoplasmic droplets. 
X 1,400. 


10. Liver of an obese, polyphagic rat. The hypertrophic, fat-laden parenchymal 
cell exceeds the width of the photograph. Eccentric nuclei occurred in some of 
these large, fatty cells. X 1.400. 


11. Liver of an obese, polyphagic rat, demonstrating a large intranuclear lipid 
inclusion. Intranuclear fat was seen in periportal parenchymal cells of polyphagic 
rats in all dietary groups. X 1,400. 


12. Liver of a choline-deficient rat. Nuclei of parenchymal cells are displaced 
by large, homogeneous droplets of fat. Compare with Figures 9 to 11. X 1,400. 
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Fic. 13. Electron micrograph of the liver in a polyphagic, obese rat. Several cells 
in this periportal area contain numerous small or moderate sized lipid vacuoles. 
Many vacuoles are separated by very fine cytoplasmic septums, some of which 
show artifactitious bending or tearing. Much of the lipid has been removed in 
preparation of the tissue. Compare with Figure 14. X 4,600. 


HEPATIC LIPID 


April, 1960 389 


390 MEYER AND HARTROFT Vol. 36, No. 4 


Fic. 14. Electron micrograph of the liver in a choline-deficient rat. Typical large, 
homogeneous droplets of lipid are seen in adjacent cells. X 5,200. 
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PHYSICAL ACTIVITY IN EXPERIMENTAL 
CHOLESTEROL ATHEROSCLEROSIS OF RABBITS 


S. D. Kosernicx, Px.D., ann Gen Niwayama, M.D.* 


From the Division of Laboratories, Sinai Hospital, 
and the Department of Pathology, Wayne State University 
College of Medicine, Detroit, Mich. 


For many years there has been considerable interest in experimental 
lesions produced in animals by feeding cholesterol. The arguments for 
and against the correlation of these with the naturally occurring lesions 
in man have been extensively reviewed by Duff,)? Katz and Stamler,® 
Hueper * and many others. It is generally agreed that the results derived 
from the examination of experimental lesions cannot necessarily be ap- 
plied directly to man. Nonetheless, the study of these lesions is ex- 
tremely useful since the investigations can be closely controlled and 
possible factors in pathogenesis may be determined. In considerations 
of pathogenesis, experiments **—and, indeed, investigations of the le- 
sions in man **°—have been concerned largely with the roles of choles- 
terol and other serum lipids. Other studies, directed toward the arterial 
lesions themselves, have been concerned with the influence of diet, loss 
of weight, detergents, and mechanical injury.’* There has been consider- 
able controversy regarding the type of animal best used in these experi- 
ments.’* While interesting and germane to the pathogenesis of athero- 
sclerosis in general, these matters have been extensively reviewed and 
will be omitted from discussion in the present paper. 

It has only been comparatively recently that exercise and physical 
activity have been prominently considered as possible pathogenic factors 
in both the experimental and the human lesions. In respect to man, there 
has been much interest in this subject even in the lay press, principally 
in connection with coronary heart disease. Raab?” has discussed many 
of the human studies in an engaging article entitled ‘“Loafer’s Heart.” 
In this, he pointed out the influence of modern sedentary life upon the 
occurrence of this type of vascular disease. He also reviewed the investi- 
gations in man, indicating considerable indirect evidence of the impor- 
tance of physical activity in human atherosclerosis. It should be pointed 
out, however, that studies of this nature are influenced by the wide 
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variability in man’s mode of life. Morris and co-workers,!* for example, 
found it pertinent to remark that an assumption that conductors and 
bus drivers varied in physical activity only in relation to the work they 
did was not entirely warranted. Indeed, the assessment of other factors 
in human subjects makes evaluation of a single quality difficult. The 
effect of physical activity on the blood cholesterol in the Bantu native 
was investigated by Keys and his colleagues."* It was their thought that 
the hard-working Bantu tended to exhibit a comparatively low serum 
cholesterol; in the white population, however, the fat content of the diet 
appeared to influence the cholesterol level more than exercise. There 
was also some indication ** that following a high fat meal, exercise les- 
sened the degree of hypercholesterolemia. Recently, Pomeroy and 
White’* reviewed the life history of former football players and found 
that among athletes whose cause of death was known, 38 per cent had 
died of cardiovascular disease. On the other hand, among those who had 
died of other causes there appeared to be a higher proportion who had 
continued a program of heavy exercise and a larger number of indi- 
viduals who had gained less weight. The data available in this investiga- 
tion were inadequate in many respects. 

In experimental animals, studies concerning physical activity are few. 
Brown, Huang, Bortz and McCay” exercised rabbits in a mechanical 
device while feeding them cholesterol. Both sedentary and exercised ani- 
mals showed similar amounts of cholesterol atherosclerosis in the aorta. 
On the other hand, Myasnikov ** demonstrated an inhibition of experi- 
mental atherosclerosis in rabbits which had exercised. In cockerels, War- 
nock, Clarkson and Stevenson *® found a reduction of atherosclerosis in 
exercised animals; this was correlated with an apparent lowering of the 
serum cholesterol. In a previously reported study from this laboratory,”° 
it was shown that physical activity in an electrified treadmill could result 
in a lessened amount of atherosclerosis in the aorta of cholesterol-fed 
rabbits. The present report documents two experiments in which animals 
were exercised in an electrified treadmill, and one in which another form 
of exercise was used. 


MATERIAL AND METHODS 


The animals used were New Zealand white rabbits, purchased from a 
local supplier. Each experiment utilized litter mates in groups obtained 
from bucks and does of known pedigree. The animals were individually 
housed in air-conditioned quarters. Each litter of 5 to 8 animals was 
divided into 2 groups without reference to sex. One group was fed choles- 
terol and allowed to remain sedentary. The other group was fed cho- 
lesterol but exercised. 
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In Experiment I the animals were exercised in a manually operated 
plywood drum 3 feet in diameter and 9 inches wide; the animals were 
induced to run by careful manipulation of the drum. For Experiments 
II and III, an electrified drum was designed from an apparatus used by 
Dr. Shuknecht of Henry Ford Hospital. This measured 30 inches in 
diameter and 9 inches in width. Its peripheral wall was composed of brass 
rods (%¢ of an inch) placed % of an inch apart. The rods were connected 
alternately and activated by a power source (electrostimulator) that 
delivered a damped-wave alternating current at 2,000 to 4,000 volts and 
at 1 to 2 milliamperes. It was found necessary to shave or cut the fur of 
the rabbits closely so that the shock might take effect, since rabbits do 
not have pads on their paws. By shocking the animals and at the same 
time sounding a bicycle horn, the rabbits could be conditioned to run at 
the sound of the horn. In this manner they could be induced to rotate the 
drum about 50 times per minute. A summary of the experimental pro- 
cedure is presented in Table I. 

TABLE I 
EXPERIMENTAL PROCEDURE 


Amount of cholesterol Exercise 
Experiment Duration in diet (gm.) No. days Minutes Total 
no. (days) Per day Total Type per week per day min. 
I 58 0.75 43-5 Mechanical 7 20 1160 
treadmill 
II 83 0.5 * 
0.25 24.59 Electrical 7 10 830 
conditioning 
III 189 0.15 24.3 Electrical 6 10 1620 
conditioning 


* The amount of cholesterol administered in Experiment II was 0.5 gm. per day for the 
first week and 0.25 gm. per day thereafter. 


The rabbits were fed a diet prepared by dissolving cholesterol in ether, 
mixing the solution with a measured amount of food and allowing the 
ether to evaporate. The concentration of cholesterol was maintained at 
I gm. per hundred gm. of food. The dose of cholesterol was controlled 
by the portion of this diet which was given. In order to insure the con- 
sumption of the entire cholesterol-containing ration, this was given sep- 
arately in the morning, and only when it was completely consumed was 
the remainder of the ration, Purina Rabbit Chow, supplied. 

The animals were bled from the central artery of the ear at intervals 
of 2 weeks. Ten ml. of blood was collected for serum lipid determination. 
Cholesterol content was determined according to the method of Zak and 
his associates**; total lipids by that of Kunkel, Ahrens and Eisen- 
menger **; and lipid phosphorus by a slight modification of the pro- 
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cedures of Youngburg and Youngburg”* and of Fiske and Subbarow.™* 
At the termination of the experiments, the animals were sacrificed and 
complete necropsies were performed. The aortas were fixed in formalin, 


EXPERIMENT | EXPERIMENT Il EXPERIMENT Ill 
Sedentary Exercised Sedentary Exercised Sedentary Exercised 


SUMMARY OF VISUAL GRADES OF AORTAS 


TEXT-FIGURE 1. Summary of the visual grading of aortic atherosclerosis in Experiments 
I, 0 and III. 


and the adventitia meticulously removed, along with every trace of ad- 
ventitial fat. The extent of the atherosclerosis was carefully estimated 
and sketched. Preliminary staining with Scharlach solution was not 
employed in these experiments, in order to avoid loss of lipid into the 
stain solvent. Small representative portions of the aortas were taken for 
histologic examination, and the entire remainder was subjected to ether- 
alcohol extraction.”® The lipid content of the aortas was then determined 
by the same methods used for serum. 

Visual grading of the aorta was done according to the methods out- 
lined by McMillan, Horlick and Duff,?* except that the grade 1 plus was 
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extended to include any aorta in which there was the slightest degree of 
atherosclerosis rather than requiring a minimum of ro per cent. 


TaBLe II 
GRADING OF AORTIC ATHEROSCLEROSIS 


Experiment I Experiment II Experiment III 
Visual grade Sedentary Exercised Sedentary Exercised Sedentary Exercised 
F M F F M F F 


12 


RESULTS 
Atherosclerosis 


Atherosclerosis of the aorta occurred in all the cholesterol-fed animals. 
The graphic representation of the degree of atherosclerosis and the lipid 
content of the aorta as determined by chemical extraction in Experiment 
II have been previously published.”° The litters in Experiments I and 
III were arranged in similar manner. A summary of the visual grading 
in all 3 experiments is depicted in Text-figure 1. In Table II is shown 
the correlation of visual grade with sex and exercise. Table III contains 
the data correlating the visual grade with the lipid content of the extracts. 

In Experiment I (exercise in a manually operated drum) 6 of 9 ani- 
mals in the sedentary control group exhibited relatively severe athero- 
sclerosis (+-++ and +-+++); the severity in 8 of 9 exercised animals 
was less (+++). While it appeared that the severest lesions occurred in 
the sedentary animals, the results were not deemed sufficiently sharp to 
be considered significant (Text-fig. 1). 

In Experiment II only 4 of 18 exercised animals had atherosclerosis 
greater than grade 1 plus; in the control group, 15 of 18 animals had 
more severe lesions (+-+ to +-+-++). The total content of lipids in the 
aortas paralleled the visual grading closely.?° This was also the case in 
Experiment III (Table IIT). 

In Experiment III, again the atherosclerosis observed in the exercised 
group (15 rabbits) exceeded the grade of 1 plus in only one instance. On 
the other hand, 11 of the 17 sedentary animals had lesions of grades 2 
plus to 4 plus. The lipid content of the aortas again closely paralleled 
the visual grades (Table III). Thus, in the experiments in which the 
animals were subjected to exercise in the electrified treadmill, there 
was an appreciable diminution of atherosclerosis (‘Text-fig. 1). 


4 
I 2 4 2 2 2 3 2 
Total 4 5 5 4 6 = 9 9 9 8 6 9 
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TaBLe III 
VISUAL GRADING OF AORTAS AND AMOUNT OF LIPID IN EACH (EXPERIMENT mr) 


Total Free Aorta 
Animal Visual cholesterol cholesterol Phospholipid weight 
no. grade (mg.) (mg.) (mg.) (gm.) 


Sedentary 


A4 i 0.68 
AS ‘ ‘ 0.92 
B2 1.01 
0.79 
1.28 
0.89 
0.65 
0.94 
0.72 
1.03 
0.88 
0.91 
0.99 


1.36 
0.74 
0.98 
0.78 
0.68 
0.86 
0.78 
0.64 
0.79 
0.73 
0.60 
0.86 
0.60 
0.95 
0.63 


a 
+ 
+4 
4 
+ 


Serum Lipids 


The average content of serum lipids as observed in these experiments 
is tabulated in Table IV. Although there was some variation from one 
experiment to the next, probably attributable to minor variations in solu- 
tions, the differences were slight and not statistically significant. 
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Exercised 
A2 ae 18.7 10.9 2.5 
A6 3.2 1.6 2.1 
Br 2.5 2.1 23 
B3 3.6 1.3 .16 
B4 23 1.3 05 
Dr 1.9 ts 05 
D2 18 1.3 51 
D4 14 1.0 45 
: F3 3.9 1.9 EE 
F4 1.8 1.2 35 
H3 1.1 08 02 
Hy4 18 1.3 23 
H6 28 1.0 
M2 2.4 14 37 
M4 1.9 1.0 05 
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During the periods of cholesterol feeding, all the serum lipids were 
markedly increased. The most pronounced increases were observed in 
the animals in Experiment I where the highest doses of cholesterol (0.75 
gm. per day) were administered (Text-fig. 2). The degree of lipid in- 
crease was less in both of the succeeding experiments, a feature which 
correlated with the lower daily amounts of cholesterol being fed to the 
animals (Experiment II, 0.25 gm. per day; and Experiment III, 0.15 gm. 
per day). Experiment II was carried on for 83 days, and the lipid levels 
continued to rise throughout the experiment (Text-fig. 3). However, in 


TABLE IV 


AVERAGE NORMAL SERUM LIPID VALUES * 


Experiment I Experiment II Experiment III 


Sedentary Exercised Sedentary Exercised Sedentary Exercised 
No. animals: 9 9 18 18 17 15 


Total lipid ¢ 449t12.9 4262125 49042268 4592%16.2 4299.7 


cholesterol ¢ 


Free 
cholesterol 27 28 32+ 34 2.2 62:13 


Lipid phosphorust 442+ 0.36 48+ 035 562+ 50+ 06 46204 
Ratio, TC/P 23.72 096 232% 056 057 442% 07 16824 1.7 1942320 


* Plus or minus standard error of the mean, pre-feeding values. 
t Amounts expressed in mg. per hundred cm. 
t Ratio of total cholesterol to lipid phosphorus. 


Experiment III where the duration of the experiment was 189 days, the 
lipid levels showed some tendency to fall after the eighth week (Text- 
fig. 4). No explanation can be given for this phenomenon at this time. 

In all the experiments, the average serum lipids of the control and 
exercised groups were compared. The results are represented graphically 
in Text-figures 2 to 4. It is evident that at times the serum lipids in the 
exercised animals tended to be at slightly lower levels, but this was not 
constant, nor was the difference between the means statistically sig- 
nificant by application of the ¢ test. 

Careful attention was also paid to the level of phospholipid, but again 
there was no statistically significant difference between the volume in 
the exercised animals and the sedentary controls. The ratios of choles- 
terol to phospholipid also did not show any statistically significant vari- 
ations in exercised rabbits and controls. 

An attempt was made to correlate the levels of the serum lipids with 
the severity of atherosclerosis. In Text-figure 5 the average serum lipids 
of the animals with no or minimal (0 to +-) atherosclerosis were plotted 
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separately from those with more severe lesions (+--+, +++ or 
+-+-++-). Here it is apparent that the differences in the levels of serum 
lipids varied in both directions. The ¢ test of the separated points con- 
firmed the lack of significance in the minor differences observed. 

Mg. % | AVERAGE SERUM LIPIDS 
EXPERIMENT | 


Exercised 
o--- Control 


1500 


1000 


500 


LIPID PHOSPHORUS 

o* ! L L 

ie} 2 4 6 8 10 
WEEKS 


TEXT-FIGURE 2. Comparison of average serum lipids in exercised and sedentary animals 
given 0.75 gm. of cholesterol per day for 58 days (Experiment I). 


The serum lipid levels in each animal were graphically illustrated, 
and an attempt was made to correlate the degree of aortic atherosclerosis 
with the level or pattern of the serum lipids. The results obtained in 3 
animals from a representative litter in Experiment III are shown in Text- 
figure 6. Here it may be seen that the animal with the highest levels of 
serum lipids showed the least atherosclerosis, and the rabbit with severe 
(+-+--+-++) lesions manifested serum lipid levels intermediate between 
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TEXT-FIGURE 3. Comparison of average serum lipids in exercised and sedentary animals 
given 0.5 gm. of cholesterol per day for one week and 0.25 gm. per day for the remainder 
of the 83-day period (Experiment II). 
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those with minimal and moderate (+ and +++) lesions. This lack of 
correlation between the levels of serum lipids and the cholesterol to 
phospholipid ratio was demonstrated repeatedly in all litters in the 3 
experiments. 


DISCUSSION 


In Experiment I, exercise was induced at first by a large rotating drum 
described by Kramar, Meyers and Wilhelmj.”* Even though rotation was 
as slow as 4 to § revolutions per minute, a rabbit placed in such an ap- 
paratus slid and tumbled on the rubber mat lining and became paralyzed 
with fear. Thenceforward, repeated exposure to the drum only resulted 
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in passive tumbling of the animal. It was not possible to achieve normal 
running or even walking with the drum motorized. When the motor was 
disconnected and the drum was rotated manually, it was possible, ex- 
ceptionally, to induce the rabbit to walk. Light-weight drums, either 3 
feet or 18 inches in diameter, designed to be rotated by the rabbit, were 
equally ineffective in inducing the animals to run, and food incentives 
were of no help. 
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TEXT-FIGURE 4. Comparison of average serum lipids in exercised and sedentary animals 
given 0.15 gm. of cholesterol per day for 189 days (Experiment III). 


In Experiments IT and ITI, an electrified drum provided the means to 
shock the animals and to condition them to run at the sound of a bicycle 
horn. Here, too, difficulty was encountered; rabbits do not have pads 
on their paws, the volar surfaces being covered entirely by hair. It was 
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necessary, therefore, to shave and wet the paws before effective contact 
with the apparatus could be made. That the exercise was effective in the 
animals was attested by the fact that the muscular tissue was more 
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Text-Ficure 5. Correlation of serum lipid levels with degree of aortic atherosclerosis, 


comparing minimal lesions with severe lesions in rabbits from Experiment III (0.15 gm. of 
cholesterol per day for 189 days). 


hyperemic and adipose tissue less abundant in the exercised animals al- 
though weight gains were similar in all groups. 

In Experiment I, there appeared to be little difference in the amount 
of atherosclerosis in the exercised and the control groups.”° This is in 
accord with the results obtained by Brown, Huang, Bortz and McCay,”" 
where exercise was also of the mechanical type. In the experiments of 
Warnock, Clarkson and Stevenson,’® in which cockerels were forced to 
walk about 4.2 miles per week, each exercise period being one hour of 
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to-and-fro walking in a 30-foot concrete runway, there was a distinct 
reduction of atherosclerosis in all the arteries examined. This was most 
marked in the abdominal aorta and in the internal iliac arteries. 

In the experiment of Myasnikov ** rabbits were exercised in an electric 
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TEXT-FIGURE 6. Correlation of serum lipid levels with degree of aortic atherosclerosis 
in 3 animals from Experiment III (0.15 gm. of cholesterol per day for 189 days). 


treadmill until signs of marked fatigue appeared. Under this regimen for 
6 months, a diminution of cholesterol atherosclerosis was observed. Also 
of interest in these experiments was the occurrence of focal myocardial 
necrosis related to a marked coronary atherosclerosis in the exercised 
and cholesterol-fed animals. 

In the investigations of Wong, Johnson and Wong,”* it was reported 
that cockerels were exercised in a treadmill twice daily for 30 minutes at 
6 r.p.m. for 15 weeks. At the end of this time the highest incidence of 
aortic atherosclerosis was observed in cholesterol-fed sedentary birds. 
Exercise alone gave rise to a reduced amount of atherosclerosis. A combi- 
nation of exercise and the administration of testosterone propionate 
further decreased the severity of atherosclerosis. The blood cholesterol 
was lower in the exercised than in the sedentary animals. 

Thus, it is apparent that in all but one’ of the studies cited, exercise 
appeared to reduce the amount of cholesterol-induced atherosclerosis, 
These results are in accord with our own. The adequacy of the exercise 
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is apparently of some importance as judged not only by the differences 
in our Own experiments but also from the reports of others. 

The question of the influence of electric shock upon the development 
of the lesion must be considered. It is unquestionably true that during 
the experiment the animals were subjected to a form of nonspecific stress 
although it was of low intensity. However, physical exercise may also 
be considered a form of stress.?° The influence of these factors would 
require separate study. 

In evaluating the results, it is important to consider the amount of 
cholesterol fed and the duration of the feeding. In the first experiment, 
where the mechanical exercise was considered to be inadequate, large 
amounts of cholesterol were fed (43.5 gm. in 58 days). In this instance, 
it was possible that the large amount of cholesterol might have been so 
overwhelming that an exercise effect might not have been observed. In 
subsequent experiments, the total amount of cholesterol was reduced by 
almost one half and the duration of its administration increased. 

In both Experiments II and III the exercised animals showed less 
aortic atherosclerosis than the control animals. However, the degree of 
atherosclerosis achieved in the sedentary animals in Experiment II ap- 
peared to be considerably greater than in the same group in Experiment 
III. In the sedentary animals, only the daily amount and the duration of 
cholesterol feeding could have been of importance, and the results sug- 
gested that the same dosage given in a short time caused more deposit 
than when administered over a longer period. This fact is also of impor- 
tance in evaluating the effect of exercise. Although in Experiment II the 
degree of atherosclerosis in the exercised animals exceeded that of the 
exercised rabbits in Experiment III, this could not be attributed to the 
longer period or the greater total amount of exercise. In both experi- 
ments, however, the effect of exercise on atherosclerosis appeared un- 
equivocal in relation to its own control group. In other words, the experi- 
ments seemed to indicate that the dietary content of cholesterol and the 
exercise operated as independent variables in influencing the severity of 
atherosclerosis. 

The use of litter mates in these experiments was an attempt to make 
the composition of the groups more homogeneous. It provided a mode 
of comparison in addition to that of the groups as a whole. It is interest- 
ing that the effect of exercise was apparent within the litters as well as 
in the entire groups. However, the individual litters were not always 
predictably affected, in that individual animal variation was highly prev- 
alent throughout. 

The most mystifying aspect of the experimental results concerns the 
interpretation of the serum lipids. It is apparent that the serum lipid 
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levels did not parallel the degree of atherosclerosis observed. This was 
evidenced not only in the analysis of the combined data (Text-figs. 2 to 
4) but also in consideration of individual levels (Text-fig. 5). It was 
true not only of the absolute serum levels but of the ratios between the 
cholesterol and lipid phosphorus (Text-figs. 2 to 5). These observations 
are not in accord with the statements of other investigators who ap- 
parently have observed that the cholesterol levels in exercised groups 
were consistently lower than in sedentary control groups. The differences 
reported by Warnock and co-workers ?® in cockerels were stated to be 
statistically significant in the later phases of the experiment. Myas- 
nikov ** did not give details in this regard. Wong and co-workers ** stated 
that the blood cholesterol was lower in exercised animals, but figures 
were not cited. These results could not be substantiated by our experi- 
ments, although the range of experimental error in the control determina- 
tions was small enough to allow evaluation of even minor changes 
(Table IV). 

In Experiment I the lack of difference might have been attributable 
to the relative ineffectiveness of the mechanical exercise. However, this 
would not explain the difference in serum lipid levels produced in the 
experiments with cockerels **?* or in rabbits.'* This discrepancy is not 
as serious as might at first appear, for many investigators have reported 
that the level of serum cholesterol does not necessarily parallel the 
degree of atherosclerosis observed in animals. Indeed, even in human 
beings, it is far from certain that there is a positive correlation between 
hypercholesterolemia and atherosclerosis.®**! Investigations of other 
factors, such as lipoprotein stability and dispersion of lipids, have been 
undertaken to clarify such questions.*? 

The fact that atherosclerosis developed in the control animals as a 
reflection of the amount of cholesterol given and the time during which 
it was administered suggests that the metabolic turnover of the serum 
lipids may be more important than the absolute level. This is also under- 
lined by the lack of correlation between the serum lipid levels and the 
degree of atherosclerosis. Moreover, while the fact that exercise in- 
fluences the amount of atherosclerosis may indicate a change in the 
metabolic turnover of the ingested lipid, it may also suggest that the 
physical or chemical state of the vessel wall may also be of importance 
in determining the effect of exercise. Metabolic balance studies as well 
as histochemical analysis of the aorta and other blood vessels are logical 
sequences to these experiments. 


SUMMARY AND CONCLUSIONS 


The experiments described concern the effect of mechanically and 
electrically induced exercise in 96 rabbits given a high cholesterol diet. 
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The adequacy of exercise is an important consideration in experiments 
of this type. The difficulty of exercising rabbits in a purely mechanical 
treadmill may be overcome by conditioning with the aid of electrical 
shock in a suitably electrified treadmill. Adequate contact between the 
paws of the rabbit and the electrified bars requires shaving and wetting 
of the hairy volar surfaces. 

In adequately exercised cholesterol-fed rabbits, the amount of athero- 
sclerosis induced in the aorta was distinctly smaller than in sedentary 
controls. There was no correlation between the serum levels of choles- 
terol, cholesterol esters, lipid phosphorus, or cholesterol to lipid phos- 
phorus ratios on the one hand, with either exercise or the severity of 
aortic atherosclerosis on the other. 


ADDENDUM 


Since submission of this manuscript, two pertinent studies have come 
to our attention. Orma** showed that active cockerels fed cholesterol 
developed significantly less atherosclerosis of the aorta and brachi- 
ocephalic arteries than sedentary controls. Brainard ** fed cholesterol to 
rabbits exercised by prolonged daily walking in a mechanically driven 
treadmill. The initial portions of the aortas, chemically analyzed, failed 
to show a difference in cholesterol content between the exercised and 
sedentary groups. The experiment allowed food as well as cholesterol 
ad libitum, and chemical analysis was made only on the initial portions 
of the aorta. In view of these factors, as well as the difference in exercise 
and breed of rabbits, the experiments are not considered comparable to 
ours. 
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HUMAN CARDIAC CONDUCTION TISSUE LESIONS 


Georce Lumps, M.D., M.R.C.P.,* anv R. S. SHacktett, B.S., M.D. 
From the Institute of Pathology, University of Tennessee, Memphis, Tenn. 


A series of 260 human hearts have been obtained from the necropsy 
service of the University of Tennessee medical units in Memphis. These 
have been examined in order to demonstrate the atrioventricular node 
and bundle of His and its branches, and an analysis has been made of 
abnormalities related to these structures. The cases were obtained at 
random from all age groups and included 176 males and 84 females; 70 
were from white and 190 from Negro patients. Thirty-five specimens 
showed lesions which were considered to be affecting the conduction 
tissue in significant degree. It is this group which will be analyzed here. 
A larger number revealed diffuse fibrosis related to the conduction tissue, 
and an investigation of these will be made later. No cases showing con- 
genital cardiac defects were included among the hearts examined. 

The mechanism of conduction of impulse in the human heart still 
remains a controversial subject. It is not the present purpose to discuss 
these mechanisms. It seems important, however, to state our belief that 
a constant, demonstrable anatomic structure exists which we believe is 
composed of cardiac muscle fibers. This serves as the mechanism of 
transference of impulses from the atria to the ventricles. The pathway 
is normally through the sino-atrial node, the atrial myocardium, the 
atrioventricular node, the bundle of His, the bundle branches, and 
thence to the ventricular myocardium. 


MATERIAL 


A constant plan of dissection and examination was followed for all 
of the 260 hearts. They were perfused with neutral formalin through 
the coronary arteries at the time of necropsy and then immersed in neu- 
tral formalin for 18 to 24 hours before dissection. Routine examination 
of the heart and its blood supply was carried out, and, in addition, the 
interventricular septum was removed for study in the following manner. 
With both atria and ventricles opened, a vertical cut was made through 
the septum at the opening of the coronary sinus into the right atrium. 

This work supported by United States Public Health Service Grant No. H-3499. 
Presented at the Fifty-sixth Annual Meeting of the American Association of Pathologists 
and Bacteriologists, Boston, April 23, 1959. 
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This formed the posterior extent of the area to be examined. The anterior 
boundary was made with a cut parallel to the former through the anterior 
limit of the membranous septum. The upper margin of the block included 
the lower part of the interatrial septum and passed through the root of 
the aorta. The lower margin was parallel to this and included the upper 


AORTA 


MEMBRANOUS INTERVENTRICULAR 


CORONARY 
SINUS 


RIGHT VENTRICLE 


TEXT-FIGURE 1. Diagram of a human heart opened from the right side. The rectangular 
block indicates the area containing conduction tissue. 


third of the interventricular septum (Text-fig. 1). The medial cusp of 
the tricuspid valve was on the right side, and portions of the noncoronary 
cusp of the aortic and the aortic cusp of the mitral valves were included 
on the left side. The tissue so removed included the atrioventricular node, 
bundle of His and upper portions of the right and left bundle branches. 
According to its size, it was then subdivided into varying numbers of 
blocks. Four were normally taken from average sized hearts. Hyper- 
trophied hearts sometimes required more than this, and the interven- 
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tricular septum from children usually divided adequately into 3 blocks. 
Sections were stained by hematoxylin and eosin, and special stains for 
connective and elastic tissue, calcium, and amyloid were employed when 
required. In the earlier part of the study, serial sections were made from 
each block in several cases. This led us to believe that such a procedure 
was not essential for pathologic diagnosis. The most posterior sections 
showed the atrioventricular node and commencement of the bundle of 
His above and to the right of the annulus fibrosus (Fig. 1). In more 
anterior sections, the bundle could be traced through the annulus fibrosus 
(Fig. 2) until it lay below it and divided to form the right and left 


TABLE I 


SUMMARY OF CASES WITH CONDUCTION TISSUE LESIONS 


Lesion 


Group 1. 
A. Calcification 7 
B. Fibrosis 5 

C. Amyloidosis 2 


Group 2. Myocardial infarcts 
Group 3. Endocardial fibroelastosis 
Group 4. Hemorrhage 


wm 


Group 5. 

A. Nonspecific myocarditis 
B. Rheumatic myocarditis 
C. Abscesses 


worw 


Total 35 


branches (Fig. 3). In the most anterior sections, only the left bundle 
branch was seen as it lay below the endocardium of the septum of the 
left ventricle (Fig. 4). We do not propose to describe in detail the normal 
appearances of the conduction tissue, as this has been adequately sum- 
marized by numerous authors.'* 


OBSERVATIONS 


Rosenthal ® has pointed out that inflammatory, vascular, degenerative 
neoplastic, traumatic, and congenital lesions may all cause complete 
heart block. The 35 cases in our series with significant lesions of conduc- 
tion tissue have been grouped under the headings shown in Table I. 


Calcification: Group 1A 


In this group (cases 1 to 7, Table II) we had 7 specimens. All of these 
patients were old, and all except one had significant ventricular hyper- 
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trophy. Diastolic blood pressure was at hypertensive levels in only 2 
patients (cases 2 and 6). Four of the patients showed clinical evidence 
of cerebrovascular accidents (cases 2, 3, 5 and 7), and an additional 
one had been admitted to a mental hospital with a diagnosis of senile 
psychosis (case 4). Four patients had a history of dizziness and falling 
(cases 1, 3, 5 and 6), and consequently 3 of these had sustained hip 
fractures (cases 1, 3 and 5). Although examination of the brain in all 
of these patients revealed a moderate degree of cerebral atherosclerosis, 
there was no evidence of hemorrhage, thrombosis or infarction except 
in one where a small infarct was found in the external capsule (case 
7). Varying degrees of congestive cardiac failure were exhibited by all 
the patients in this group. Three died suddenly and all had brief terminal 
episodes. In 4, significant calcification of the aortic valves was noted 
grossly at necropsy. Electrocardiograms were available on 6 patients. 
All showed bundle branch block, and 4 had atrioventricular dissociation 
(cases 4to7). 

Microscopic examination of the interventricular septum in the 4 cases 
with atrioventricular dissociation showed extensive deposits of calcium 
in the septum membranaceum, annulus fibrosus, and upper part of the 
muscular septum, with direct involvement of the conduction tissue in all 
blocks examined (Fig. 5). The 2 cases with only bundle branch block 
showed smaller deposits of calcium in this region, predominantly affect- 
ing the conduction tissue in the more anterior blocks. Examination of 
the remainder of the hearts revealed only a mild degree of coronary 
artery atherosclerosis. In view of the age of the patients and myocardial 
fibrosis, this was not a striking feature. It is difficult to explain the cal- 
cium deposition, therefore, entirely on the basis of ischemia. 


Fibrosis: Group 1B 


Considerable care was exercised in selecting the cases for inclusion 
in this group (cases 8 to 12, Table II). A large number of hearts, par- 
ticularly from elderly patients, show varying amounts of scattered 
fibrous tissue in the interventricular septum ® which may be related to 
degenerative changes in the conduction tissue. Occasionally, small flecks 
of calcium may be mingled with the fibrous tissue.’® The cases to be de- 
scribed here were those in which fibrosis was excessive; where it was 
largely confined to the upper part of the muscular interventricular sep- 
tum and the septum membranaceum; and where the conduction tissue 
appeared to be unequivocally damaged. 

In all of the 5 cases placed in this group the manner of death was 
abrupt. One (case 11) had a cerebrovascular accident; the conduction 
tissue defect and electrocardiographic abnormality were considered co- 
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ANALYSIS OF CASES WITH CONDUCTION TISSUE LESIONS 


Heart 


wt. 
Sex Race (gm.) Electrocardiographic features 


Group 1 
A. Calcification 


B. Fibrosis 


C. Amyloidosis 


Group 2 
Myocardial 
infarcts 


Group 3 
Endocardial 
fibrosis 


Group 4 
Hemorrhage 


Group 5 
A. Nonspecific 
myocarditis 


B. Rheumatic 
carditis 


SE 
222222 24242 


gee os 


Rus EE 


$ 


ZZ 


222 24 


2222 


Left bundle branch block 
Right bundle branch block 


Complete heart block 

AV dissociation 

Interventricular C.D.; 
right bundle branch block 

First degree AV block 


Left bundle branch block 
First degree AV block; 
right bundle branch block 
Left bundle branch block 
Left bundle branch block 
AV dissociation ; left 
bundle branch block 


First degree AV block 


Old posterior infarct 


Acute septal infarct 
Second degree AV block; 
right bundle branch block 
Acute posterior infarct 1 yr. 
previous; old posterior 
infarct prior to death 
Left bundle branch 
block previously 


Left ventricular strain; no 
left bundle branch block 

Left bundle branch block 

Left bundle branch block 


Right bundle branch block 
Shifting pacemaker; left 

axis deviation 
Prolonged QT 


Posterior infarct 
Right bundle branch block 


++ + ++ 


Case Sudden 
2 gI 550 + 
3 73 540 
4 83 490 + 
5 87 520 
6 84 540 + 
, 460 
8 78 350 
9 88 400 
10 67 510 
II 81 440 
12 73 500 
13 68 M | 
14 65 M 480 
69 F N47 
16 8 M N 380 as 
17 74 F W 485 
18 57 M WN 400 
19 49 F N 630 +* 
210 
2 
22 56 500 + ; 
23 16 400 + 
25 76 460 
26 47 340 + 5 
27 75 275 4 
28 38 325 + : 
14/12 M 60 AV dissociation + 
30 I F 50 +* : 
2 M 110 +* 
C. Abscesses 33 63 M_ W 290 2 3 
35 9/12 M N 52 
Dead on arrival. 
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incidental. In 3 (cases 8, 10 and 12) there was terminal acute coronary 
occlusion, and the conduction tissue damage was considered a probable 
contributory factor to death. The fifth patient (case 9) developed sudden 
cardiac arrest and died during a prostatectomy. In the absence of any 
other significant alteration at necropsy, the conduction tissue damage 
was considered to be a major factor in causing the death of this individual 
(Fig. 6). 

In contradistinction to the cases in group 1A, the pathologic lesions 
in this group were characterized by widespread atherosclerosis, including 
coronary atherosclerosis. It is considered that the extensive septal fi- 
brosis and degeneration and fibrous replacement of portions of the 
conduction tissue represented the results of ischemia. The two patients 
who had atrioventricular block or dissociation (cases 9 and 12, Table 
II) showed greater conduction tissue replacement posteriorly, involving 
the region of the main bundle and the atrioventricular node. On the other 
hand, the major damage in cases 8, 10 and 11, which had left bundle 
branch block (Table II) occurred anteriorly, principally in the distal 
part of the bundle of His and the origins of the bundle branches. 


Amyloidosis: Group 1C 


These were two patients (cases 13 and 14, Table II) in whom sudden 
death occurred and primary cardiac amyloidosis was the only significant 
necropsy observation. One patient (case 13) was in shock and died 4 
hours after arrival in the hospital; the other (case 14) was dead on 
arrival. In both instances, large masses of amyloid, confirmed by special 
stains, were found completely replacing many portions of the bundle 
of His and partly destroying the atrioventricular node (Fig. 7). Else- 
where in the hearts was the typical generalized distribution of amyloid, 
with particular involvement of the right atrial wall.’*? It seems likely, 
however, that the conduction tissue lesion was responsible for the sudden 
death in both patients and for the atrioventricular block in case 13. 


Myocardial Infarcts: Group 2 


In all these cases (cases 15 to 19, Table II), diffuse generalized 
and coronary atherosclerosis was present, but there was no demonstrable 
complete occlusion of any artery. However, infarcts were found in all 
instances. In each there was good correlation between electrocardio- 
graphic findings and histologic alterations (Table II). One patient 
(case 18) died in the terminal stages of bronchogenic carcinoma, but a 
healing posterior infarct was demonstrated. Evidence of this had been 
noted in electrocardiograms. The lesion affected the upper part of the 
posterior wall of the heart and the posterior portion of the interven- 
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tricular septum. Damage led to partial destruction of the atrioventricular 
node and the proximal part of the bundle of His. Two patients (cases 16 
and 17) died within a few hours of admission, and one patient (case 19) 
was dead on arrival. In all 3 of these there were recent infarcts confined 
to the upper part of the septum, affecting principally its anterior portion. 
There was destruction of the distal part of the bundle of His and the 
origin of the bundle branches (Fig. 8). 


Endocardial Fibroelastosis: Group 3 


Of the patients in this group (cases 20 to 23, Table II), cases 20 
and 21 were in the normal age range for this disease. One patient (case 
22) was somewhat older but presented a typical history and clinical 
course. Another (case 23) was an example of the interesting group of 
patients with the adult form of endocardial fibroelastosis. It is not within 
the scope of this paper to discuss this condition fully. The case is in- 
cluded here because, in common with the other 3, extensive fibrosis and 
elastosis were found interrupting the course of the left bundle branch in 
many areas. The atrioventricular node and bundle of His showed no 
abnormalities in these cases (Fig. 9). Complete heart block appears to 
be a rare occurrence in this disease.1*** Left bundle branch block, how- 
ever, might be expected to occur frequently. In cases 22 and 23 this 
phenomenon was encountered. It is of interest that in case 21 no electro- 
cardiographic evidence of left bundle branch block was demonstrated 
despite repeated examinations and the observation of extensive involve- 
ment of the left bundle branch at necropsy. 


Hemorrhage: Group 4 


The 5 cases in this group (cases 24 to 28, Table II) all showed 
hemorrhage into the conduction tissue and destruction of fibers. In 
case 24 this was associated with a dissecting aneurysm of the ascending 
aorta; the patient survived 3 days after the initial attack and then 
collapsed suddenly and died. Electrocardiographic evidence of right 
bundle branch block had been present beforehand, but at necropsy a 
recent hemorrhage had destroyed the atrioventricular node and main 
bundle in addition to the origin of the bundle branches. In cases 25 and 
26 there was cerebral hemorrhage. In both, also, subendocardial bleeding 
affected the distal part of the bundle of His and the commencement of 
the left bundle branch. Case 28 was characterized by subendocardial 
hemorrhage and destruction of the terminal part of the bundle of His 
and the origin of the left bundle branch. The lesion was presumably 
traumatic in origin; the patient had had chloral hydrate poisoning and 
unsuccessful cardiac massage. Case 27 was a 75-year-old white woman 
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who had sustained a fractured femur after a fall. She had apparently 
improved until 3 days after the bone was pinned, when a sudden drop in 
blood pressure occurred and she died immediately. No significant cause 
of death could be found other than a recent hemorrhage localized to the 
upper part of the interventricular septum, with destruction of the atrio- 
ventricular node and the proximal part of the bundle of His (Fig. 10). 
The cause of this hemorrhage remains undetermined although the 
possibility of fat embolization causing rupture of small vessels might 
be considered. It seems reasonable, however, to regard the hemorrhage 
as the mechanism of death in this case. 


Nonspecific Myocarditis: Group 5A 


The 3 patients in this group (cases 29 to 31, Table II) were all young 
children in whose hearts was a typical diffuse myocardial round cell 
infiltration. It was of interest to note that the cellular infiltration was 
more intense in the upper part of the interventricular septum than in 
other areas of the heart. In each instance diffuse involvement of the 
atrioventricular node area, bundle of His and origin of the bundle 
branches was found (Fig. 11). Interstitial pneumonia of very mild de- 
gree was thought to be present in 2 cases (cases 29 and 30), but no 
pulmonary lesions could be found in case 31. All the children died 
suddenly. One patient (case 29) survived 4 hours after admission, and 
electrocardiograms showed very irregular complexes which were difficult 
to interpret, but atrioventricular dissociation was considered probable. 
Two patients (cases 30 and 31) were dead on arrival at the hospital. It 
seems reasonable to suppose that interference with conduction may have 
played a major role in causing death. 


Rheumatic Fever: Group 5B 


This case (case 32, Table II) was of interest, as the patient walked 
into the hospital, complaining only of mild dyspnea and some chest pain. 
He had not been examined before. He was sent to the ward, and while a 
clinical history was being taken, he sat up, coughed, and died immed- 
iately. At necropsy there was rheumatic pancarditis with mild fibrinous 
pericarditis, early endocarditis with small vegetations on the mitral 
valves but no apparent valvular stenosis or incompetence. A diffuse 
myocarditis was most marked in the interventricular septum. Vasculitis 
was marked in the atrioventricular node region (Fig. 12) and typical 
Aschoff bodies were found, directly involving the atrioventricular node, 
bundle of His and left bundle branch. (Fig. 13). 
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Abscesses: Group 5C 


In all 3 patients in this group (cases 33 to 35, Table II), acute bac- 
terial endocarditis followed surgical operations. In the 2 adults, Staphy- 
lococcus aureus was the organism isolated, and in the child, Candida 
albicans was identified. In each case, abscesses were found involving the 
bundle of His and origin of the bundle branches. (Fig. 14). 


DISCUSSION 


The 35 cases were selected on the basis of lesions affecting the conduc- 
tion tissue to an extent which indicated impairment of function. When 
the clinical histories and electrocardiographic features were then studied, 
it was interesting to find that 25 of the patients had died suddenly, in- 
cluding 5 who were dead on arrival at the hospital. By sudden death is 
meant exitus within 5 to 6 hours of arrival at the hospital or death oc- 
curring abruptly or unexpectedly when in the hospital. 

Review of the 25 cases revealed the following facts: Cerebrovascular 
accident had occurred in 3 patients as a terminal event (cases 11, 15 and 
26). Three cases were examples of endocardial fibroelastosis (cases 20, 
22 and 23). Five showed evidence of acute infarction in areas of the 
heart other than the interventricular septum (cases 8, 10, 12, 16 and 19). 
In one there was a dissecting aneurysm of the ascending aorta (case 24), 
and in another, chloral hydrate poisoning with terminal cardiac massage 
(case 28). In all of these 13 cases, therefore, pathologic processes existed 
which might have led to sudden death. It was thus impossible to assess 
the significance, if any, of the conduction tissue abnormalities in the 
final phase. 

In the remaining 12 cases, however, there is considerable suspicion 
that a conduction tissue lesion was the precipitating factor in sudden 
death. Three were examples of massive myocardial calcification (cases 2, 
4 and 6), 3 were cases of myocarditis (cases 29, 30 and 31), and 2 were 
examples of primary cardiac amyloidosis (cases 13 and 14). In one in- 
stance (case 27) there was unexplained hemorrhage in the atrioventric- 
ular node and bundle of His. Another (case 17) showed a recent infarct 
confined to the upper part of the interventricular septum. Aschoff bodies 
were found in the conduction tissue in one heart (case 32), and in another 
(case 9) cardiac arrest occurred during a surgical operation; here a 
fibrotic lesion was found in the conduction tissue. 

In all 12 cases, careful search at necropsy revealed no satisfactory 
cause of death outside the heart. It may be argued that the instances 
of amyloidosis and myocarditis (both nonspecific and rheumatic) repre- 
sented generalized cardiac diseases. However, the manner of death 
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associated with the distribution of the pathologic lesions suggested the 
likelihood that conduction tissue involvement was significant. 

In 26 of the 35 patients, electrocardiograms were available for investi- 
gation. Nineteen exhibited either bundle branch block or some degree 
of atrioventricular dissociation. Evidence of correlation between electro- 
cardiograms and morphologic alteration was good. In one case only (case 
21) there was no evidence of left bundle branch block although striking 
pathologic changes were present. The lesions tended to be more wide- 
spread and to involve larger areas of conduction tissue than was usually 
suggested by the electrocardiograms. Yater ** pointed out that in cases 
considered to be right or left bundle branch block on the basis of electro- 
cardiograms, both branches are usually damaged when examined his- 
tologically. In his experience one branch was frequently more severely 
affected than the other. Yater and Cornell ?® stated that probably only 
a few fibers were necessary in an intact state in order to maintain conduc- 
tion. This is a concept with which we agree. It may well account for the 
absence of bundle branch block in case 21 (group 3). In hearts where 
considerable damage to the conduction tissue had occurred without com- 
plete destruction, it seems possible that some additional mechanism, 
such as vagal activity, circulating toxic substances or relative ischemia, 
may be sufficient to stop function. The possibility of some mechanism 
of this type must be considered in case 9 (group 1B) where cardiac 
arrest occurred in a patient undergoing prostatectomy, and in which 
fibrous replacement of the conduction tissue was found at necropsy. 

It is surprising that relatively little has appeared in the literature on 
the subject of pathologic changes affecting cardiac conduction tissue. 
Early accounts have been reviewed by Moénckeberg,’’ Mahaim,’ Gross 
and Fried and Rosenthal.® In 1935 Yater and Cornell stated that 
only 48 cases of complete heart block with adequate accounts of patho- 
logic lesions had been reported. More recently, Master, Dack and Jaffe ® 
discussed the relationship of electrocardiographic findings in 89 cases 
with infarction affecting the interventricular septum. Myers, Klein and 
Hiratzka*° stressed the frequency of conduction tissue involvement in 
acute coronary artery occlusion and suggested this as a frequent cause 
of death. Lev and Unger ** made careful reports of the lesions in the 
conduction tissue in 4 cases. 

It would appear that two main advantages result from a complete 
examination of the conduction tissue. The first is that more accurate 
correlation between the interpretations of electrocardiograms and mor- 
phologic alterations is possible. The second is that in a significant number 
of cases, it becomes possible to suggest more precisely the mechanism 
of death. 
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SUMMARY 


This is a study of the conduction mechanism of the human heart, with 
particular reference to the problem of sudden or unexpected death. The 
interventricular septum was removed from 260 hearts. Serial sections 
were not found to be necessary, once the structure was recognized. All 
age groups were investigated. The normal characteristics of the tissue 
were first established, and then pathologic alterations were correlated 
with abnormalities noted before death. Thirty-five cases exhibited lesions 
which were considered to affect the conduction tissues in significant de- 
gree. It is this group which is analyzed here. Twenty-six of these cases 
had electrocardiograms available for study, and 25 were examples of 
sudden death. 
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LEGENDS FOR FIGURES 


Except where indicated, photomicrographs were prepared from sections stained 
with hematoxylin and eosin. 


Fic. 1. Anterior view of the posterior segment of the interventricular septum, show- 
ing the commencement of the bundle of His above the annulus fibrosus and to 
the right. X 21. 

Fic. 2. Anterior view of the postero-central segment of the interventricular septum, 
showing the bundle of His in the annulus fibrosus. X 21. 


Fic. 3. Anterior view of the antero-central segment of the interventricular septum, 
showing the bundle of His dividing into right and left bundle branches below 
the annulus fibrosus and to the left. X 21. 


Fic. 4. Anterior view of the anterior segment of the interventricular septum, show- 
ing termination of the bundle of His in the left bundle branch below the annulus 
fibrosus and to the left. X 21. 
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Fic. 5. Massive calcification of the upper part of the interventricular septum, with 
destruction of the conduction tissue. X 21. 
Fic. 6. Extensive fibrosis of the upper part of the interventricular septum, with 


destruction of the conduction tissue. X 22. 
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Fic. 7. Replacement of the bundle of His by amyloid. Occasional remaining viable 
fibers are seen. X 280. 


Fic. 8. A recent infarct causing partial destruction of the left bundle branch as 
it lies under the endocardium. X 280. 


Fic. 9. Fibroelastosis involving the left bundle branch. Verhoeff’s elastic tissue stain. 
X 280. 


Fic. 10. Hemorrhage into the bundle of His. x 280. 
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11. Diffuse inflammatory infiltration of the fibers in the bundle of His and the 
origin of the left bundle branch. X 280. 


12. Rheumatic vasculitis in a portion of the atrioventricular node. X 280. 


13. An Aschoff body in the left bundle branch. x 280. 


14. Two abscesses in the interventricular septum. One involves the left bundle 
branch. X 21. 
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SEROTONIN-INDUCED ACUTE NEPHROSIS 
AND RENAL CORTICAL NECROSIS IN RATS 


A MorpnHotocic Stupy WitH PREGNANCY CORRELATIONS 


Douctias Waucn, M.D., anp Manuet J. Peart, M.D.* 


From the Departments of Pathology, Queen’s University 
and the Hotel Dieu Hospital, Kingston, Ont., Canada 


The main purpose of the investigations reported here was to induce 
acute renal failure in rats experimentally by means of 5-hydroxytryp- 
tamine (serotonin) and to study a severity-series of lesions thus pro- 
duced with particular reference to “acute nephrosis”} and “bilateral 
cortical necrosis” in man. A second objective was to study the effect 
of pregnancy on serotonin-induced acute renal failure and to discern any 
serotonin effects peculiar to pregnancy. 

Of the various chemical agents that are known to produce the lesions 
of acute renal failure in animals, 5-hydroxytryptamine was chosen be- 
cause it appeared to be the most “physiologic,” being an endogenous 
substance known to be an important metabolite in the human and animal 
organism. To produce significant renal damage it must be used in “un- 
physiologic” dosages.**? Recent experimental evidence suggests that this 
agent is capable of producing a gradation of renal lesions, from mild to 
severe, which cuts across conventional morphologic boundaries.?* Acute 
nephrosis and renal cortical necrosis have long been considered as sep- 
arate and distinct entities, presumably with various causes and different 
pathogenetic mechanisms. There is much experimental evidence, both 
physiologic *® and morphologic,”*°"* to suggest that the predominant 
pathogenetic mechanism in acute nephrosis is renal ischemia. Further- 
more, ischemia is almost unanimously accepted as the basis for renal cort- 
ical necrosis.**°** In addition, there is other evidence to suggest that 
both conditions may be produced by any one of a number of experimental 
agents or techniques, all of which have in common the induction of renal 
ischemia.**"**! It thus appeared reasonable to attempt to produce a 
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severity-series of renal lesions with a single agent and to examine the 
gradations in the resulting changes. 

The effect of pregnancy was also singled out for study, in view of 
its preponderant role in the etiologic background of acute renal failure 
in the human subject, particularly with respect to renal cortical necrosis. 
Speculation has led previous investigators to ascribe a possible role to 
serotonin in the pathogenesis of renal cortical necrosis in the human 
pregnant subject.* There is little information, as yet, on the effects of 
serotonin peculiar to pregnancy. 

Progesterone, when administered in large doses and in late pregnancy, 
has been reported to cause an eclampsia-like condition in pregnant rats 
in which some animals “. . . developed a condition similar to cortical 
necrosis as seen in the human female.” ”? In the light of this, we have also 
attempted to produce renal lesions with progesterone, with the view of 
making a comparative study between progesterone-induced and 
serotonin-induced renal lesions. 


MATERIAL AND METHODS 


Serotonin Experiments: Nongravid Animals 


A total of 156 adult female white rats of the Wistar strain (all animals 
were purchased from the Canadian Breeding Laboratories, St. Constant, 
P.Q.) were used in these experiments. The animals were separated into 
groups of 6 (Table I). Of the total number, 66 animals served as saline- 
injected controls, and the remainder were treated with serotonin. The 
animals weighed between 200 and 300 gm. at the commencement of each 
experiment. Only apparently healthy animals were used. The rats were 
housed individually in metal cages, and were fed Purina Laboratory 
Chow pellets and tap water ad libitum. One group of 6 animals was sub- 
jected to water deprivation for 24 hours prior to a single injection of 
serotonin and for 4 hours following this injection (group 9-W.D.). 

The animals were weighed at the beginning of each experiment and 
at the time of sacrifice. When each experiment was terminated, the 
animals were sacrificed in standard fashion by preliminary induction 
of surgical anesthesia in an ether jar, followed immediately by transec- 
tion of the vertebral column at the base of the skull. Death appeared to 
be instantaneous. 

All animals except those in group 12-A were killed 48 hours following 
the last injection, and necropsies were performed immediately, or as 
soon as possible after “spontaneous” death. At necropsy, the thorax 
and abdomen were opened, and the kidneys immediately removed. The 
gross appearance of the kidneys was noted, and individual kidney weights 
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and eviscerated carcass weight were recorded. Each kidney was bisected 
longitudinally prior to fixation in 10 per cent neutral buffered formalin 
for 48 hours. Formalin was changed at 12 to 24 hours. Microscopic sec- 
tions were stained with hemalum, phloxine and saffron. In selected cases 
additional sections were stained with the periodic acid-Schiff and the 
phosphotungstic acid-hematoxylin stains. Frozen sections were stained 
with oil red O. Other viscera were removed individually at necropsy, note 
being made of any gross alterations. Blocks of the following tissues were 
taken: heart, lung, thymus, thyroid, trachea, esophagus, liver, spleen, 
pancreas, stomach, intestine, adrenals, ovaries, uterus, skin, tail, muscle, 
joint, bone, tongue, lens, and brain. These tissues were not examined 
microscopically except for the liver which was investigated in 30 animals. 
In addition, heart, lungs and spleen were examined in selected instances. 

The substance used for injection was 5-hydroxytryptamine creatinine 
sulfate (supplied free in powder form by Abbott Laboratories, North 
Chicago, Illinois, through the courtesy of Dr. Peter H. Nash, and pur- 
chased from Nutritional Biochemicals Corp., Cleveland, Ohio). This was 
prepared fresh for each set of experiments as a 1 per cent solution in 
physiologic saline. Control animals were injected with equivalent vol- 
umes of sterile physiologic saline. Injections were given either as a single 
dose or at daily, twice daily, hourly or half-hourly intervals, as specified 
in Table I. Individual doses ranged from 4.2 mg. per kg. of body weight 
to 100 mg. per kg., and total dosage ranged from 12.6 mg. per kg. to 
150 mg. per kg. All injections were by the intraperitoneal route, through 
the lower abdominal wall, with the aid of very light ether narcosis. 
At necropsy, there was no evidence of infection, viscus perforation or 
peritoneal reaction. 


Serotonin Experiments: Gravid Animals 


As indicated in Table I, 24 pregnant animals were separated into 4 
groups (groups 1-G, 4-G, 5-G, 9-G) to correspond with similarly treated 
nongravid groups. Pregnant animals weighed between 260 and 360 gm. at 
the commencement of each experiment. Single doses, or first doses in a 
schedule of serial injections, were given on the 16th to 17th day of 
gestation. The pregnant animals were treated in exactly the same way as 
outlined previously. In addition to the kidneys, livers and placentas were 
examined microscopically. 


Progesterone Experiment 


Twelve pregnant rats were treated as follows: 6 rats received intra- 
muscular injections of 10 mg. of progesterone in corn oil daily for 2 
days, on the 16th and 17th days of gestation. The time of sacrifice, 
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following the last dose of progesterone, was 48 hours (1 rat), 72 hours 
(4 rats), and 10 days, which was 3 days postpartum (1 rat). Another 6 
rats were given intramuscular injections of 17-alpha-hydroxyproges- 
terone caproate in sesame oil (Delalutin,® E.R. Squibb & Sons), as a 
single dose on the 17th day of gestation. Of these, 5 rats received 25 mg. 
and were sacrificed at 48 hours, 72 hours, 96 hours, 120 hours and 144 
hours. One rat received 100 mg. and was sacrificed at 96 hours, which 
was 1 hour postpartum. 


RESULTS 


No renal or other lesions were seen in any of the control animals, 
which had received saline injections only. 


Nongravid Animals, Serotonin Injections 


The majority of the serotonin-treated animals remained clinically 
well while under observation even though many exhibited extensive renal 
damage at necropsy. A significant number became obviously ill following 
injection, as manifested by extreme lassitude, inactivity and little or 
no response to provoking stimulation. Most of these subsequently died, 
but some survived the experimental period. Of the 90 nongravid animals 
treated with serotonin, 19 (21 per cent) died, and of these, 15 died 


within ro to 20 hours of their last injection of serotonin. About half 
of the animals which died did so “unexpectedly,” in that there were no 
overt signs of illness preceding death. Illness and death seemed to 
depend as much on individual response toa given dose as on the size of the 
dose. Some of the animals that died became ill after the first or second 
of a series of 6 or 12 injections, while their co-subjects remained clin- 
ically well throughout the experimental period. 

Results are summarized in Table I. It should be noted that all doses 
are expressed in terms of free base. On the whole, there was a tendency 
for the treated animals to lose more weight than their corresponding con- 
trols during the experimental period. The average loss of weight for 
the control animals was 2 gm. and for the treated animals, 12.2 gm. 
The weight loss of less than 1 per cent in control animals was inter- 
preted as an insignificant adjustment, possibly related to the change 
in environment between the supplier’s quarters and those in our labora- 
tory. In general, groups with more severe renal lesions also had a greater 
average loss of weight. There was no correlation between the average 
loss of weight and the total duration of the experimental period. 

The ratio of kidney weight to eviscerated carcass weight (K/C index) 
was calculated for the individual kidneys of each animal. The group 
averages are listed in Table I. One reason for including these figures 
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is to provide a range of normal values (control animals) for this ratio, 
as an objective index of kidney size. Analysis of all figures reveals a 
total mean value for the controls of 5.22 (range 4.34 to 6.5) and for 
the treated animals of 5.71 (range 3.78 to 9.67). Only one treated animal 
had a K/C value below the normal range, and this animal did not have 
a renal lesion. However, 12 (13.3 per cent) of the treated animals had 
K/C values above the normal range, and all had severe renal lesions 
(greater than grade II). Conversely, of the 40 animals showing severe 
renal lesions (greater than grade II), only 12 (30 per cent) had elevated 
K/C values. In the majority of instances it was not possible to detect 
renal enlargement at necropsy, and only occasionally was it suspected. 
There was a positive correlation between renal enlargement and the 
severity of the lesion, but there was no correlation with the time of sacri- 
fice, the character of the lesion, or its stage of evolution. Pallor of the 
kidneys was the most striking gross observation and ranged from a focal 
distribution, producing a spotty, mottled appearance, to a confluent 
alteration in which uniform pallor was seen to involve the greater part of 
the cortical tissue. The medulla was occasionally mildly hyperemic but 
was otherwise not remarkable. 

In order to make possible ready comparison of experimental groups 
in terms of overall severity and extent of renal damage, arbitrary 
criteria were established as a basis of grading. Following the initial 
grading of all lesions, all sections were reviewed, without knowledge 
as to group or treatment, and a final assessment was made. To eliminate 
any possibility of misinterpreting portmortem autolytic alterations, any 
animal that died and was not immediately examined at necropsy was 
arbitrarily classed as “not gradable.” The following descriptions indicate 
the grading criteria which were adopted: 

Grade o. No renal lesion, or equivocal alterations. 

Grade I. A slight but definite lesion. Not more than an estimated 
10 to 15 per cent of the renal parenchyma was affected. The lesion 
usually consisted of one or more of the following changes: (a) a small 
number of casts; (b) minimal, focal tubular degeneration or necrosis; 
(c) focal, minor tubular dilatation. 

Grade II. Renal damage involved more than 15 per cent but less than 
50 per cent of the renal parenchyma. This lesion was characterized pre- 
dominantly by tubular necrosis or tubular dilatation and in general in- 
volved about 14 of the renal parenchyma. 

Grade III. Renal damage involved at least 50 per cent but less than 
85 per cent of the renal parenchyma. The lesion consisted chiefly of 
tubular necrosis or tubular dilatation; an abundance of casts was the 
rule. Glomeruli were usually entirely normal, but in some of the more 
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advanced lesions there were isolated glomeruli, within areas of tubular 
necrosis, that were the seat of degenerative change or were partially 
necrotic. A few of these kidneys also showed small, focal, circumscribed 
areas of cortical necrosis in which one or more glomeruli were involved 
in the necrotizing lesion. In the majority of cases, the extent of renal 
involvement was from % to % of the entire renal cortex. 

Grade IV. Renal damage involved at least 85 per cent of the renal 
cortex. All lesions designated grade IV showed varying degrees of cor- 
tical necrosis (infarction). Areas so affected exhibited complete 
necrosis of glomeruli, tubules and interstitium, with arterial thrombosis 
or necrosis. At least 50 per cent of the renal cortex was the seat of in- 
farction, and some kidneys showed almost total infarction. 

The narrow zone of subcapsular cortex was often relatively unaffected. 
A relative sparing of the parahilar cortex at the two renal poles was, 
however, an almost constant finding also. 

Subnecrotic lesions included the various phenomena of tubular degen- 
eration. There were occasional foci of cloudy swelling and nonspecific 
granularity in tubular epithelial cytoplasm that only rarely had the ap- 
pearance of hyaline droplet formation. Other changes included epithelial 
desquamation, protein coagula in tubule lumens at all levels of the 
nephron, and basal vacuolation of tubular epithelium, usually staining as 
fat (Fig. 1). Proximal convoluted tubules were mainly affected. As a 
rule, these lesions were associated with the more striking alterations of 
necrosis or dilatation of tubules. 

Necrosis of tubules was seen at all depths of cortical tissue and at 
times extended into the outer third of the medulla. It tended, however, 
to be concentrated mainly on the cortical side of the corticomedullary 
junction, Necrosis was characterized by a focal distribution in which 
clusters of adjacent tubule segments were involved, but in the more 
severely injured kidneys, varying degrees of coalescence were seen, giv- 
ing rise to relatively large areas of confluent tubular necrosis (Fig. 2). 
Necrosis was most pronounced in the proxima! convoluted tubules, but 
necrosis of distal tubules was also seen. Characteristically, the affected 
tubules appeared blocked and often distended with acidophilic, granular 
debris resembling cytoplasm of necrotic epithelium. Among animals 
that died relatively soon after injection, the nuclei of affected 
tubules were markedly pyknotic; at 48 hours, the nuclei had almost in- 
variably disappeared. Slightly later stages revealed a progressive reduc- 
tion and clearing of the intraluminal debris, and mitotic regeneration was 
frequently observed in such areas (Fig. 3). Occasional tubules exhibited 
small foci with marked epithelial proliferation, suggestive of locally 
exuberant regeneration (Fig. 4). 
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Tubular necrosis was most marked in animals sacrificed 48 hours 
after a single injection or 54 hours after the first of a series of injections. 
Among animals killed 96 or 108 hours following the first injection, necro- 
sis, if present, was never marked and was almost always overshadowed 
by dilatation. 

Dilatation of tubules, when present, was most pronounced at the 
corticomedullary junction, but occasionally extended outward to the 
renal capsule and inward to the outer third of the medulla. Dilatation 
was minimal in some kidneys and remarkably extensive in others (Fig. 
5). As noted above, dilatation was usually striking in kidneys showing 
only minor necrosis, and vice versa. It corresponded, however, in distri- 
bution and extent with the lesions of necrosis seen in other kidneys. At 
times, the dilatation assumed cystic proportions (Fig. 6), suggesting the 
possibility that rupture of contiguous tubule walls had resulted in com- 
munication between adjacent lumens. The dilated tubules were lined 
by low cuboidal epithelium, or—more commonly—by a very flattened 
epithelium in which the nucleus bulged prominently (Fig. 4). In general, 
the lumens of dilated tubules appeared empty. Occasionally they con- 
tained one or more desquamated epithelial cells or a little amorphous 
granular debris, but in contrast to necrotic tubules they were never 
filled with this material. Evidence of active regeneration was nearly 
always present in areas of dilatation (Fig. 6), and the epithelium of 
dilated tubules seemed almost always to consist of newly regenerated 
cells. 

In contrast to necrosis, dilatation was always most pronounced in 
animals with an experimental period of 96 or 108 hours. Where the 
experimental period was 48 or 54 hours, dilatation, if present, was seldom 
prominent and was always less pronounced than necrosis. This inverse 
relationship between dilatation and necrosis was confirmed in groups 12 
and 12-A which were treated identically with a single serotonin injection 
but sacrificed at 48 and 96 hours respectively. The kidneys of animals 
sacrificed at 48 hours showed pronounced necrosis with only occasional 
small foci of minor dilatation. The kidneys in the animals after 96 hours 
showed striking tubular dilatation and virtually no necrosis. 

In general, where necrosis and dilatation co-existed in the same kidney, 
they were adjacent and appeared to affect either different nephrons or 
different segments of the same nephron. The epithelium of dilated tubules 
was never necrotic. It consisted always of intact but flattened cells, in 
which mitotic figures were frequent. 

Cast formation was variable in extent but appeared in renal damage 
of all grades of severity. Casts were most numerous in collecting seg- 
ments but were also observed in distal convoluted tubules. Some casts 
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had a homogeneous or hyaline appearance. Others showed a granular 
acidophilic appearance not unlike that of the intraluminal debris ob- 
served in the upper segments of the nephron in areas of necrosis. In one 
kidney, fibrin strands were also seen in tubular lumens (Fig. 7). It 
seemed likely that the protein coagulum comprising these casts was 
derived both from glomerular filtrate and from the cytoplasmic slough 
of necrotic tubular epithelium. Kidneys in which nephrons were signif- 
icantly affected by necrosis or dilatation generally showed a relative 
abundance of casts in the corresponding segments of the medulla. 

Focal interstitial infiltration by mononuclear cells was occasionally 
observed and was usually paravascular in location but seldom conspic- 
uous. Interstitial edema was not a feature of any of the kidneys, and 
reparative fibrosis was never observed. 

Infarction of renal parenchyma, when present, frequently occurred 
with a focal, patchy distribution throughout the cortex (Fig. 8). In some 
of these kidneys, intervening areas of relatively normal cortical tissue 
were encountered, and in some zones in which tubular necrosis was 
prominent, glomeruli and interstitium remained intact. Other kidneys 
showed virtually total infarction of the renal cortex. In these there was 
almost invariably some degree of vascular damage. Arterial thrombosis 
was usually demonstrable; occasionally this was accompanied by venous 
thrombosis (Fig. 9). All grade IV lesions occurred in animals treated by 
a single injection or by repeated hourly or half-hourly injections for a 
period of 6 hours. No animal treated at greater intervals developed a 
grade IV lesion. 

There was no significant difference in renal injury in the group sub- 
jected to water deprivation as compared with its control group (group 9). 
Of considerable interest, however, is the fact that while 4 of the 6 animals 
deprived of water died and while 2 rats exhibited a grade IV lesion, one 
had no renal lesion whatsoever. This remarkable difference in the degree 
of renal damage found among rats of the same group indicates pro- 
nounced variation in individual resistance to the damaging effects of 
serotonin. As wide a variation as “no renal damage” (grade 0) to “severe 
renal damage” (grades III and IV) was found in no less than 6 groups 
(groups 3, 5, 6, 7, 9-W.D. and 12-A). Of the 30 gradable animals in these 
groups, 30 per cent had no renal lesion, 20 per cent had a slight to moder- 
ate renal lesion (grades I and II), and 50 per cent had a severe renal 
lesion (grades III and IV). 

There was no clear qualitative difference between the various grades 
of renal lesion but rather a continuum of renal damage along which 
different grades were separable by purely arbitrary criteria. Particularly 
noteworthy is the fact that many borderline lesions occurred, in which 
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areas of tubular necrosis were characterized by the presence of intact 
interstitium, a few surviving tubule segments and glomeruli showing 
definite damage short of complete necrosis. These areas did not have the 
total geographic character of a true infarct, as in cortical necrosis, yet the 
changes in individual structural units were identical. It was in such 
kidneys that one was able to detect an imperceptible merging of the 
characteristics of acute nephrosis with those of cortical necrosis. 

The severity and extent of renal damage appeared to depend, in 
part, on the size of the individual dose of serotonin and the frequency of 
its administration. It appeared also, however, to be largely influenced 
by the variable susceptibility of different animals to a given dose. 

The phenomena described in association with tubular necrosis and 
tubular dilatation clearly showed that necrosis was not a more severe 
lesion than dilatation but that these were interrelated in a temporal 
sequence apparently parallel with tubule regeneration. The precise 
morphologic pattern in any given kidney depended largely on the time 
of death and in this way on the stage of evolution of the lesion. 


Gravid Animals 


Progesterone Injections. The progesterone-treated animals are not 
listed in Table I since no renal lesions were produced by the administra- 
tion of progesterone in the last third of pregnancy (gestation days 16 and 
17). Many of the kidneys showed slight and insignificant, focal, fatty 
degeneration of tubular epithelium, but no other pathologic alteration 
could be discerned. There were no hepatic or placental lesions. Mothers 
and fetuses invariably thrived and there was no maternal or fetal mortal- 
ity. 

Serotonin Injections. In view of the possibility that fetuses might 
not share with the maternal organism in the metabolism of serotonin and 
since the total weight of the pregnant rat includes the weight of some 
dozen fetuses and placentas, it was thought that identical dosages per 
kg. of body weight for nongravid and gravid rats, might, in a given 
instance, represent a larger dose to the pregnant animal in terms of 
weight of metabolically active tissue. Groups 1-G and 5-G, therefore, 
received somewhat smaller doses per kg. of body weight than did the 
corresponding nongravid groups (i.e., 4.2 versus 5 mg. per kg. and 8.3 
versus 10 mg. per kg.) in order to discount the weight gain of pregnancy. 
The other groups examined (groups 4 and 4-G, 9 and 9-G) received 
identical dosages. The results show that this consideration had no deci- 
sive influence on the severity of renal damage and that probably no 
allowance need have been made for the weight gain of pregnancy. 

Of the 24 gravid animals, 13 (54.2 per cent) died before the end of 
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the experiment. Of the corresponding 24 nongravid animals, only 2 (8.3 
per cent) died. This difference is highly significant statistically (chi 
square = p < 0.005). The high mortality rate among the gravid animals 
and the fact that half of the kidney sections were therefore arbitrarily 
classed as “not gradable,” makes difficult an accurate comparison of 
renal lesions. From the small number available for comparison, it ap- 
peared that dose for dose, the gravid animals did not show any increase 
in severity of renal lesions. If anything, the trend may have been in an 
opposite direction, as, for example, by comparison of groups 4 and 4-G. 

With the exception of two gravid animals, the renal lesions were 
morphologically identical to lesions of comparable severity in the non- 
gravid rats. The two gravid animals showed striking widespread intra- 
capillary glomerular thrombi (Fig. 10) in areas that were often not 
related to glomerular or tubular necrosis. This lesion was never observed 
in any of the nongravid, serotonin-treated animals. Three of 24 gravid 
animals showed irregular, focal necrosis of the liver (Fig. 11). The oc- 
currence of hepatic necrosis could not be related to the existence or 
degree of renal damage. No instance of liver necrosis was found in a 
nongravid animal or in any of the progesterone-treated gravid animals. 
Of the 24 gravid animals, 7 (29 per cent) had gross vaginal bleeding, 
and 3 (12.5 per cent) aborted one or more fetuses prior to spontaneous 
death or sacrifice. In contrast, there were no instances of vaginal bleeding 
or abortion among the progesterone-treated animals. Of the 11 survivors 
among the gravid animals there were 67 identifiable fetuses. Not a single 
living fetus was found at the time of sacrifice. By comparison, among 
the 12 progesterone-treated gravid animals, 2 delivered spontaneously 
a total of 19 fetuses. The remaining 10 were delivered by postmortem 
hysterectomy of 114 live births. In all, the progesterone-treated group 
had a total of 133 fetuses, all of which were live births. The fetal mortal- 
ity for this group was o per cent and for the serotonin-treated group 100 
per cent. 

All gravid serotonin-treated animals that survived for 48 hours and 
were sacrificed (6 animals with a total of 55 fetuses) exhibited varying 
degrees and stages of fetal and placental degeneration, necrosis and re- 
sorption. Many of the chorionic sacs were dark and hemorrhagic; some 
placentas showed advanced and extensive infarction on microscopic 
examination, and in others there was gross and microscopic evidence of 
separation (Fig. 12). Furthermore, in the 5 animals which survived for 
96 hours there was virtually complete resorption of fetuses and placentas 
so that gross identification was usually impossible. Microscopic exami- 
nation revealed resorption of both placenta and fetus (Fig. 13). 
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DISCUSSION 


These results clearly indicate that serotonin is capable of producing a 
series of graded renal lesions encompassing most of the morphologic 
variants of acute renal failure seen in man. We have not attempted to 
provide further evidence to support the ischemic pathogenesis of 
serotonin-induced renal lesions. This has been adequately established 
both by indirect physiologic evidence*** and by morphologic studies 
designed to provide direct visualization of the renal vascular tree. By 
the use of India ink injection techniques, several investigators have 
demonstrated the existence of focal cortical ischemia following paren- 
teral administration of serotonin.”*” Identical results with these same 
techniques have been reported in experimental acute renal failure in- 
duced by other means, e.g., renal artery occlusion and hemorrhagic shock 
in rats and dogs ?*?° and staphylococcal toxin in rabbits, cats and rats." 
Similarly, by the use of a fluorescent dye technique, renal ischemia has 
been demonstrated in dogs subjected to hemorrhagic and traumatic 
shock and in rabbits treated with large doses of chemical toxins.” The 
focal character of the lesions observed in experimental and in human 
acute renal failure suggests a varying responsiveness of different sectors 
of the intrarenal arterial tree to a variety of vasospastic influences. 

Even in renal failure induced by chemical or bacterial toxins, there 
is evidence *:71,24-8 that ischemia plays an important role in the produc- 
tion of the renal lesions, whatever the direct effect of toxins on the tubules 
may be. There is also abundant evidence to support the opinion that the 
predominant pathogenetic mechanism in other forms of acute renal fail- 
ure is ischemia and that the conventional entities of acute nephrosis and 
renal cortical necrosis represent different morphologic end-points of the 
same basic disease process. This opinion derives, in part, from a number 
of theoretical considerations and, in the main, from various experimental 
data. 

On the theoretical side, Sheehan and Moore*’ have described a 
severity-series of renal lesions in human necropsy cases of concealed 
accidental hemorrhage in pregnancy, in which the lesions short of frank 
cortical necrosis would appear to present a picture compatible with that 
of acute nephrosis. Furthermore, some observers have reported beneficial 
effects, and often dramatic relief, in cases of acute renal failure treated 
by bilateral posterior splanchnic block.”** Although this latter evidence 
is fragmentary and not well documented, it is consistent with an ischemic 
etiology in these cases. Lastly, a review of the clinical states that com- 
prise the etiologic background of acute renal failure in man indicates that 
the same clinical conditions are contributory in both acute nephrosis and 
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renal cortical necrosis. Each of these clinical states may or may not give 
rise to renal damage, and if they do, acute nephrosis is by far the more 
common lesion induced. It seems more reasonable to suppose that both 
morphologic entities are brought about by a common pathogenetic 
mechanism—namely, ischemia—which may be triggered in a number of 
different ways. Depending on the intensity, duration and distribution of 
the spasm, different structural end-points may be reached. The alterna- 
tive is to ascribe different physiopathologic roles to one and the same 
clinical circumstance. The former proposition appears more reasonable. 

Acute nephrosis has been induced experimentally by a number of 
different techniques, all of which produce ischemia.”*!** In other 
studies, cortical necrosis has been induced by ischemia.**?** Still other 
reports have described gradations of renal damage embracing both 
morphologic entities following the use of vasopressin,’* renal artery oc- 
clusion and hemorrhagic shock,’*.”° staphylococcal toxin,” and sero- 
tonin.*’ The present report may be added to this list. The cumulative 
information in these reports provides striking evidence that in the exper- 
imental animals at least, the character of the lesion observed depends 
on the extent, intensity and duration of renal ischemia. There is reason 
to believe that the same may hold true in the human subject.?” 

This concept of a relationship between acute nephrosis and cortical 
necrosis has not achieved widespread acceptance. It has on occasion been 
vigorously challenged.** Its tacit acceptance is, however, implicit in the 
following: ‘In its most severe expression, acute tubular necrosis is 
called ‘symmetrical cortical necrosis,’ which mostly but not exclusively 
is seen after retroplacental hemorrhage or uterine rupture.” *” This view 
has seldom been championed although it appears to have gained increas- 
ing acceptance. 

The frequent sparing of the narrow zone of subcapsular cortex has 
received frequent comment ?*1%1618 and has been attributed to an ade- 
quate blood supply to this area though capsular vessels. The relative 
sparing of the parahilar cortex at the two renal poles has been observed 
by others and is attributed to the existence of a collateral blood supply 
via the ureter and the renal pedicle to some portions of renal paren- 
chyma.*® 

Several reports have alluded to the relative survival of glomeruli 
included in areas of necrosis.?"1"* Two possible explanations may be 
suggested. In the first instance, physiologic experiments on shock have 
shown that the filtration fraction may increase in the face of a diminish- 
ing renal blood flow.®* This has been taken to indicate efferent arteriolar 
constriction and would further imply that the glomerulus is being partly 
perfused at a time when the tubules are more or less completely shut 
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off from any circulation. Secondly, there seems little doubt that the 
glomerulus is less susceptible to ischemic anoxia than is the more 
specialized tubular epithelium. This opinion is supported by Sheehan and 
Moore *’ who have proposed a sensitivity gradient for the different struc- 
tures of the renal cortex. 

Dilatation of tubules has been a striking phenomenon in some of the 
kidneys in the present study and has been noted in other reports.?*°71-14 
No concrete hypothesis has emerged from earlier observations to explain 
the mechanism of this lesion. A reasonable explanation may be based on 
the following observations in this investigation. 

(1) The topographical distribution of tubular necrosis and of tubular 
dilatation is essentially the same. (2) Within the framework of the 
experimental conditions, necrosis predominated at 48 and 54 hours, while 
dilatation predominated at 96 and 108 hours. (3) In the necrotic stage, 
the tubular lumens were filled with necrotic epithelial debris, and there 
was occasional mitotic activity in the epithelium. At a slightly later stage, 
there was progressive clearing of luminal debris, with increasing evidence 
of active regeneration. Since there was no morphologic evidence of any 
significant inflammatory infiltration, it must be concluded that the bulk 
of the intraluminal material was not handled by phagocytosis and diges- 
tion. One must therefore assume that the greater part of the desquamated 
epithelial debris is passed down the nephron and may contribute to occlu- 
sive cast formation in distal parts, as has been suggested by others.?® 
In the stage of dilatation, tubule lumens are virtually empty, and there 
is ample regenerative activity. (4) The epithelium lining dilated tubules 
was never necrotic; it almost always appeared newly regenerated. (5) 
Casts were usually abundant in the collecting system of kidneys showing 
significant tubular necrosis or dilatation. 

That dilatation is consequent on necrosis and represents a further 
stage in the evolution of the necrotizing lesion is an inescapable con- 
clusion from our observations. Two examples will serve to make this 
clear. (1) In animals receiving 60 mg. of serotonin per kg. of body 
weight, as a single dose, and sacrificed at 48 hours (group 12), necrosis 
was the dominant lesion. Animals treated identically but killed at 96 
hours (group 12-A) showed striking dilatation and virtually no necrosis. 
(2) Animals receiving a single dose of serotonin (10 or 13 mg. per kg.) 
and killed at 48 hours (groups 4 and 9) showed pronounced necrosis, 
affecting, on the average, 60 to 75 per cent of the renal cortex. By com- 
parison, animals receiving 25 mg. per kg. of serotonin twice daily for 3 
days and killed 108 hours after the first injection (group 10) showed 
virtually no necrosis but pronounced tubular dilatation. Since a single 
dose of 10 or 13 mg. per kg. is sufficient to cause extensive necrosis, one 
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is led to deduce that the animals treated by repeated injections of 25 mg. 
per kg. also developed necrosis which by 108 hours had evolved to the 
further stage of dilatation. 

To complete the background of fact and theory, against which the 
phenomenon of tubular dilatation takes on added meaning, one must 
briefly consider the structural and functional phenomena associated with 
acute anuria and its subsequent phase of recovery. It seems clear that 
in the initial stages of anuria, reduction in renal blood flow and glom- 
erular filtration must be an important if not the sole cause of the suppres- 
sion of urine formation. The prolongation of anuria or oliguria for a 
week or longer, however, is difficult to attribute to this cause alone. For 
this reason, most investigators have come to believe that tubular damage 
must contribute to the sustained suppression of urine.'*"*1*.° Degen- 
erated and necrotic tubular epithelium can hardly continue its normal 
selective functions, and unregulated back diffusion of filtrate is probable 
in most cases. In addition, focal disruption in the continuity of the 
nephron ** may create “tubular bursts” which permit leakage of filtrate 
into the interstitial tissue. Subsequent recovery is clinically heralded 
(usually between the fifth and tenth days in man) by the onset of a 
profuse, dilute polyuria. This may continue for a week or so before 
gradually subsiding toward normal and, in the absence of proper control, 
is associated with impaired electrolyte homeostasis.****-** 

The sequence of structural and functional events following renal 
injury appears, therefore, to be as follows. In the early stages, most or all 
of the glomerular filtrate escapes from the nephron directly through 
necrotic tubular epithelium, denuded basement membranes, or “tubular 
bursts” into the interstitial space where it is rapidly reabsorbed into 
the general circulation. Regeneration of tubular epithelium commences 
rapidly, and the tubules become relined by a flat epithelium so that for 
a time they can function only as ducts, unable to concentrate the filtrate 
or perform selective reabsorption or secretion. Accordingly, the urine 
that is passed will be copious, of low specific gravity, and will contain 
much electrolyte and solute; in short, it will be largely unelaborated 
glomerular filtrate. Eventually, the regenerated epithelium develops a 
more normal histologic appearance and gradually takes on its normal 
functions. This corresponds with the definitive phase of clinical recovery. 

Dilatation of tubules appears to result most probably from distal 
obstruction, partial or complete, in the face of an intact but immature 
epithelium in the proximal tubular segments. The obstruction is most 
probably due to occlusive cast formation in collecting tubules. Where 
casts are not markedly conspicuous, it may be that a single, short, oc- 
clusive cast is obstructing one of the terminal collecting ducts. This 
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wouid affect a large group of proximal nephrons presenting the appear- 
ance of disproportionate dilatation relative to the number of casts. The 
absence of dilatation in necrotic tubules would be expected, in view of 
free back diffusion of filtrate through necrotic epithelium. That healthy 
tubules are not dilated is similarly not surprising in view of their iso- 
osmotic, active and selective reabsorption. According to conventional 
theories of renal function,*® the proximal convoluted tubules must carry 
a volume of fluid several times greater than the distal segments of the 
same nephron, and yet proximal segments are not dilated. The inference 
from the present study is that only intact, newly regenerated epithelium, 
serving as a barrier to back diffusion but not yet having regained its 
capacity to reabsorb, renders the tubule susceptible to dilatation in 
consequence of its inability to adjust to alterations in intraluminal pres- 
sure. 

Symeonidis *? has reported that renal, hepatic and placental lesions 
were constant in pregnant rats of the inbred Marshall-520 strain, treated 
with large doses of progesterone in oil in the last third of pregnancy. 
These observations were not confirmed by the present study in which 
no lesions were seen. The principal difference between the two investiga- 
tions appears to be in the strain of rats used. 

In an attempt to account for the preponderant association of preg- 
nancy and its misadventures with the overall incidence of renal cortical 
necrosis, there has been speculation about possible predisposing influ- 
ences to this lesion in pregnancy. Scriver and Oertel stated: “These renal 
vascular disturbances seem to be related to a general abnormal state 
of vasomotor irritability of the pregnant state. . . .”*° Page and Glen- 
dening stated: “The possibility must be considered that the state of 
pregnancy itself sensitizes the renal vessels still further to the action of 
serotonin.” * If there is an increased susceptibility to cortical necrosis in 
pregnancy, it may be due to either (a) an increased sensitivity of the 
renal parenchyma to mild or moderate degrees of ischemic anoxia; or 
(b) an increased sensitivity of the intrarenal vascular tree to vasospastic 
influences. Our results do not provide any evidence to support either of 
these hypotheses, since our pregnant animals failed to show any in- 
creased renal sensitivity to serotonin even though the lethal effect was 
greater. 

Widespread glomerular intracapillary thrombi, in areas not the site 
of gross cortical necrosis, were observed in only two of our animals, 
both of which were pregnant. Although striking in its appearance, this 
lesion occurred too infrequently to permit further analysis. This lesion 
may, however, be akin to the similar finding of “benign glomerular 
thrombosis,” described by Sheehan and Moore,” in the kidneys of preg- 
nant patients who died following severe abruptio placentae. 
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The fetal mortality among serotonin-treated animals was 100 per cent 
as compared to o per cent among the progesterone-treated animals. One 
can state unequivocally that excessive serotonin is inimical to intra- 
uterine fetal life in the rat. Resorption of fetuses and placentas, following 
intra-uterine fetal death, occurred with remarkable speed. Other authors — 
have reported a high rate of stillbirths in rats treated with serotonin. 
It would seem that the most likely cause of fetal death associated with 
serotonin is arterial insufficiency of the utero-placental site. This is most 
probably on the basis of spasm similar to that which has been demon- 
strated to occur in the intrarenal arterial tree. One is led to speculate that 


the occurrence of hyperserotoninemia in human pregnancy would bode 
ill for such a gestation. 


SUMMARY AND CONCLUSIONS 


A gamut of renal lesions has been produced in rats given injections 
of different doses of serotonin at various intervals. These lesions were 
of ischemic origin and embraced the conventional morphologic entities of 
acute nephrosis and renal cortical necrosis. The concept that these two 
renal entities are but different morphologic manifestations of the same 
basic derangement of renal vascular function has been presented and dis- 
cussed. The interrelation of tubular necrosis and tubular dilatation has 
been discussed and a hypothesis presented to explain the mechanism of 
tubular dilatation. 

There were striking variations in renal sensitivity to the spasmogenic 
effects of serotonin among individual animals. Pregnant animals did not 
exhibit an increase in severity of renal damage as compared with corre- 
sponding nongravid animals. Widespread glomerular intracapillary 
thrombi and focal necrosis of the liver were observed in only a few 
animals, all of which were pregnant. There was a significantly higher 
mortality rate among serotonin-treated gravid animals as compared with 
corresponding nongravid animals. Serotonin had a uniformly lethal effect 
on fetuses in utero. 

No lesions of any kind were produced in pregnant rats by the adminis- 
tration of large doses of progesterone. 
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LEGENDS FOR FIGURES 


Except where indicated, sections photographed were stained with hemalum, phlox- 
ine and saffron. 


Fic. 


Fic. 


Fic. 


Fic. 


1. Nongravid rat given serotonin injections (10 mg. per kg.) daily for 3 days, 
sacrificed 96 hours after first injection (group 5). Basal lipid vacuoles appear in 
tubular epithelium. X 410. 


2. Nongravid rat given one injection of serotonin (100 mg. per kg.), sacrificed 
48 hours after injection (group 13). A large area of confluent tubular necrosis 
extends to the capsular surface of the cortex (left). Glomeruli are normal. Intact 
tubules appear at the lower margin of the photograph. X 36. 

3. Nongravid rat, serotonin injections (10 mg. per kg.) twice daily for 3 days, 
sacrificed 108 hours after first injection (group 6). Mitotic regeneration is noted 
in tubular epithelium. There are at least 6 mitotic figures in the longitudinally cut 
tubule at the center. X 244. 


4. Nongravid rat, serotonin (25 mg. per kg.) twice daily for 3 days, sacrificed 
108 hours after the first injection (group 10). Focal epithelial proliferation ap- 
pears in two adjacent, newly regenerated tubules. Note the flat epithelium and 
prominent, hyperchromatic, bulging nuclei. X 410. 
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Fic. 5. Nongravid rat, serotonin (25 mg. per kg.) twice daily for 3 days, sacrificed 
108 hours after the first injection (group 10). Tubular dilatation is extensive. 
X 36. 


Fic. 6. Nongravid rat, serotonin (10 mg. per kg.) twice daily for 3 days, sacrificed 
108 hours after the first injection (group 6). A markedly dilated tubule is shown. 
Note the mitotic figure at the upper right. X 410. 


Fic. 7. Nongravid rat, one injection of serotonin (100 mg. per kg.), sacrificed 48 
hours after injection (group 13). Fibrin strands in tubule lumens are probably 
due to escape of fibrinogen through a severely damaged glomerular filter. Note 
the adjacent protein casts. Phosphotungstic acid-hematoxylin stain. X 410. 


Fic. 8. Nongravid rat, 12 injections of serotonin (10 mg. per kg.) given at half-hour 4 
intervals, sacrificed 54 hours after the first injection (group 8). A circumscribed : 
focus of cortical necrosis affects both tubules and glomeruli. X 102. E 


Fic. 9. Nongravid rat, one injection of serotonin (100 mg. per kg.), sacrificed 48 
hours after injection (group 13). An area of cortical necrosis exhibits arterial : 
necrosis and thrombosis. 102. 
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1o. A gravid rat, one serotonin injection (13 mg. per kg.), sacrificed 48 hours 
after injection (group 9-G). A loose thrombus lies in a stalk vessel of a glomeru- 
lus with glomerular intracapillary thrombi. X 410. 


11. A gravid rat, one serotonin injection (10 mg. per kg.), sacrificed 48 hours 
after injection (group 4-G). Focal necrosis is evident in the liver. 102. 


12. A gravid rat, one serotonin injection (13 mg. per kg.), sacrificed 48 hours 
after injection (group 9-G). Retroplacental hematoma. From left to right: 
uterine wall, hematoma, placenta. x 7. 


13. A gravid rat, serotonin (4.2 mg. per kg.) daily for 3 days, sacrificed 96 
hours after the first injection (group 1-G). A resorbing 21-day fetus and placenta 
are shown. X 7. 
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HUMAN INHALATION ANTHRAX 


A Report oF THREE FATAL CASES 


Witue S. Atsrink, Px.D., M.D.*; Samuet M. Brooks, M.D.; 
Rosert E. Biron, M.D., anp Moses Kopet, M.D. 


From the Department of Pathology, Yale University School of Medicine, 
New Haven, Conn.; The Elliot Hospital, Manchester, N.H.; 
the St. Joseph’s Hospital, Nashua, N.H., the Veterans Administration Hospital, 
Manchester, N.H., and the Communicable Disease Center, Public Health Service, 
United States Department of Health, Education and Welfare, Atlanta, Ga. 

During a 1o-week period in 1957, necropsies performed on 3 mill 
workers from Manchester, New Hampshire, revealed disseminated in- 
fection with Bacillus anthracis as the cause of death. In this same time 
interval there were 4 nonfatal cases of cutaneous anthrax and 2 other 
suspected but unproved cases of inhalation anthrax; one was fatal and 
one recovered. This extraordinary group constitutes an epidemic of 
anthrax, the first in modern times with such a component of inhalation 
cases. 

Because of the unique nature of this episode, separate reports have 
been prepared regarding the clinical’ and epidemiologic? aspects. The 
present report is designed to document the pathologic findings, to cor- 
relate them with animal experiments, and to offer a possible resolution of 
conflicting views regarding the pathogenesis of this disease. 


REPORT OF CASES 


Case r 

T.T., a 60-year-old white male noil remover, was admitted to the Elliott Hospital at 
4:45 a.m. on August 30, 1957 one hour and fifty minutes before death. He had severe 
dyspnea, cyanosis, and episodes of marked weakness and falling. He had been seen at home 
by a physician 214 days before admission because of fever and pain in the back. Forty-eight 
hours later he was again examined because of tremor and increased swelling of a long- 
standing goiter. Just prior to admission, the physician found him in a critical state, with 
cold, wet extremities, blood pressure 100/60, severe dyspnea, and atrial fibrillation. On 
admission, there was stridor. Shortly afterward rales were audible in both lung fields, but 
there was no dullness to percussion. The stridor disappeared within 15 minutes after the 
patient was placed in oxygen. He remained restless, however, and gasped for breath. Death 
occurred at 6:35 a.m. 


Necropsy examination was begun 2% hours after death. (S.M.B.) A 


moderate degree of indurated edema affected the subcutaneous tissue of 
the anterior neck and the anterior upper third of the chest. This was 
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more obvious after incision of these tissues than on palpation. The fairly 
sharply demarcated region was approximately twice as thick as the 
adjacent normal subcutaneous tissue which averaged 1.5 cm. in thick- 
ness. The face and hands exhibited gray cyanosis; there was no jaundice, 
and the skin was otherwise free of significant abnormality. 

Postmortem clots were present in the vessels. The peritoneal surfaces 
were not remarkable. 

The larynx appeared normal. The trachea was deviated to the right 
because of enlargement of the left lobe of the thyroid and multiple, en- 
larged, dark red, mediastinal lymph nodes, more numerous on the left 
than on the right. The major bronchi had bloody, wet, red mucous mem- 
branes. The right lung weighed 542 gm.; the left, 490 gm. The two upper 
lobes and the right middle lobe were gray, with slightly increased con- 
sistency, and no atelectasis or crepitation. Their cut surfaces were 
yellow-gray, with no edema. The lower lobes were similar to each other, 
dark gray, with slightly less than normal crepitation. Their cut surfaces 
were generally gray-brown, with moderate edema. The pulmonary ves- 
sels were not remarkable. The pleural surfaces were smooth and free of 
adhesions. The left pleural cavity contained approximately 2,000 cc. of 
thin serosanguineous fluid, and the right pleural cavity contained about 
1,200 cc. of similar fluid. 

The heart weighed 495 gm. There was slight sclerosis of the coronary 
arteries, with no narrowing of their lumens. The wall of the left ventricle 
was increased in thickness to 2 cm. There were no other cardiac ab- 
normalities. 

The entire mediastinum was occupied by a massive bloody edema, 
which infiltrated all the interstitial areolar tissue and occupied all the 
tissue planes between vessels and organs. It bulged retropleurally in an 
irregular fashion, especially on the left. The appearance, at first, sug- 
gested the possibility of a ruptured aneurysm in the area. Scattered 
throughout this hemorrhagic edema fluid were numerous enlarged 
mediastinal lymph nodes which averaged 1.5 cm. in diameter, the largest 
being 5.5 cm. These were soft, rubbery, and, on section, wet, red, and 
fairly homogeneous. 

The spleen weighed 580 gm. It was gray, dull, smooth and soft. Its 
cut surfaces were dark red, soft, and without the usual markings. The 
other organs below the diaphragm were not grossly abnormal. The 
stomach and intestines showed no mucosal hemorrhage, and the ab- 
dominal lymph nodes were not abnormal. Liver, pancreas, kidneys, 
adrenals, bladder, prostate and testes appeared normal. 

The thyroid bore a 7.5 cm., fluctuant, smooth, movable mass attached 
to the isthmus on the left. This appeared to be all the thyroid tissue on 


April, 1960 INHALATION ANTHRAX 459 


this side. The right lobe was extremely small, but not otherwise re- 
markable. The cut surfaces of the left thyroid mass revealed numerous 
vaguely defined cystic areas averaging 1.5 cm. in diameter, containing 
dark red fluid. The intervening tissue was wet, soft, mottled yellow 
brown. 

The brain and spinal cord were not examined. The cerebrospinal fluid 
was clear and colorless. 

At the time of the examination, gram stained smears of the mediastinal 
lymph nodes and thyroid tissue showed numerous large gram-positive 
bacilli. Cultures of the mediastinal lymph nodes, thyroid and spleen 
yielded a pure growth of Bacillus anthracis. The isolated organism was 
pathogenic for guinea pigs, its biochemical reactions were those of B. 
anthracis, and subsequently it was shown to be lysed by a specific bac- 
teriophage. 

Microscopic examination of the tissues corresponded in general to the 
gross findings. The lymph nodes of the mediastinum showed loss of their 
normal structure (Fig. 1) with massive replacement by erythrocytes, 
fibrin, and pools of neutrophils (Fig. 2). Gram stains revealed many 
chains and clusters of large gram-positive bacilli throughout. The thyroid 
contained scattered acini of various sizes, with little colloid, and lined 
by cuboidal, palely eosinophilic epithelium. The acini were spread apart 
by massive interacinar hemorrhage, edema, and an infiltration of neutro- 
phils (Fig. 3). Gram stains demonstrated masses of gram-positive bacilli, 
which were also visible in the hematoxylin and eosin stained sections. 
The soft tissues of the mediastinum were similarly diffusely infiltrated 
with erythrocytes, fibrin, and neutrophils. Gram stains of lumbar ver- 
tebral marrow showed numerous easily discovered gram-positive bacilli. 
Sections of the spleen were not made since it was saved for other pur- 
poses. The lungs exhibited mild vascular congestion, and edema, but no 
hemorrhage or leukocytic infiltration. The major bronchi and the trachea 
showed hemorrhagic laminae propriae with some neutrophil infiltration 
but no ulceration of the mucosa. Blood had dissected along the adventitia 
of pulmonary arteries and bronchi without affecting the parenchyma 
(Fig. 4). 

Case 2 


A.J., a 49-year-old white male card fixer was admitted to St. Joseph’s Hospital at 7:00 
p.m., September 5, 1957, 11 hours and 45 minutes before death, in an unconscious state. 
Four days before admission the patient developed fever, vomited, and noted an increase in 
a cough which had been present for a month. Although he worked the 2 days prior to ad- 
mission, he complained of a “bad feeling” in his chest and had a poor appetite. He was 
seen by his family physician at 1:00 p.m. on the day of admission; 2 cc. of Combiotic ® was 
administered intramuscularly and sulfonamide tablets were prescribed because of a pre- 
sumptive diagnosis of bronchitis. The physician recommended admission to the hospital 
when the patient’s wife was unable to arouse him for either his 4:00 p.m. or 6:00 p.m. 
medication. On admission, his rectal temperature was 105° F., respirations were fast and 
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shallow, and rales were audible in both lung fields. A lumbar puncture revealed grossly 
bloody fluid, but no specimen was submitted to the laboratory. At midnight he received 
another 2 cc. injection of Combiotic® but died at 6:45 a.m. on September 6 without re- 
gaining consciousness. 


Necropsy was begun approximately 4 hours after death. (R.E.B.) The 
skin was dry and of normal texture, and the subcutaneous tissues were 
firm and not edematous. The skin of the external ears and the mucous 
membranes of the nose and mouth were cyanotic. No enlarged organs 
or masses were palpable. 

The left pleural cavity contained approximately 500 cc. of straw- 
colored fluid, and the lining was uniformly smooth. The posterior aspect 
of the right pleural cavity was partially obliterated by loose, fibrous 
adhesions. The pericardial cavity was smooth and glistening and con- 
tained approximately 10 cc. of serous fluid. The peritoneal cavity con- 
tained no excess of fluid, and its surfaces were glistening, with no ad- 
hesions. 

The heart weighed 360 gm., and the left ventricle was slightly hyper- 
trophied. The endocardium was smooth throughout, and the myocardium 
was free of fibrosis or necrosis. The coronary arteries showed a few small 
atheromatous plaques, with minimal calcification and little reduction 
of their lumens. 

The mucosa of the pharynx, larynx and trachea was slightly injected 
and covered by a thick film of tenacious mucus. Each lung weighed 360 
gm., and the pleural surfaces were cyanotic. The lower lobes appeared 
markedly engorged, and there was loss of crepitation. There were small 
foci of soft consolidation about the hilum of each lung. Tenacious mucus 
was present in the major bronchi; the smaller bronchi contained frothy 
fluid and a small quantity of purulent exudate. The mediastinal lymph 
nodes were anthracotic, discrete, and edematous. The thymus was com- 
pletely replaced by fat. 

There were 3 small, superficial erosions of the antral mucosa of the 
stomach. The remainder of the gastrointestinal tract appeared unre- 
markable. The mesenteric veins were engorged, but the lymph nodes 
were discrete and normal in their appearance. The spleen weighed 330 
gm. and had a smooth, transparent capsule. The cut surface was soft, 
mushy, dark red-brown in color, and the gross architecture was oblit- 
erated. The liver was congested with blood but was otherwise unremark- 
able grossly. The pancreas, adrenals, kidneys, bladder, testes and thyroid 
were grossly normal. 

There was diffuse subarachnoid hemorrhage over the entire surface of 
both cerebral hemispheres (Fig. 5). Blood was also present in the left 
lateral ventricle. The cerebellum and pons appeared normal. 
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The most striking microscopic features were observed in sections of 
the brain. Besides the massive subarachnoid hemorrhage, there were 
many neutrophils and large numbers of gram-positive bacilli in short 
chains, morphologically similar to B. anthracis (Fig. 6).The hemorrhage 
had dissected along the Virchow-Robin spaces and in some foci had ex- 
travasated into adjacent nervous tissue. The periphery of the pituitary 
gland showed an accumulation of neutrophils, but hemorrhage and bacilli 
were not found. 

The heart showed only moderate subendocardial hemorrhage into the 
myocardium of the left ventricle. 

The blood vessels at the hila of the lungs were markedly congested, 
and fresh hemorrhage was present in the lamina propria of the large 
bronchi. Some of the smaller bronchi and bronchioles contained small 
collections of neutrophils in their musculature. In these regions no bac- 
teria were found. The lung parenchyma exhibited edema, congestion, and 
a variable amount of intra-alveolar hemorrhage. No leukocytic exudate 
was apparent, and only rare gram-positive bacilli were discerned. 

The spleen was hemorrhagic, with considerable disruption of its archi- 
tecture, although no necrosis was seen. The liver was acutely congested, 
with considerable dilatation of sinusoids, particularly marked about the 
central veins. Dilatation of sinusoids with a reduction of the cellular 


elements represented the only abnormal finding in the lymph nodes sec- 
tioned. 


Sections of the kidneys revealed an occasional scarred glomerulus, 
with small accumulations of lymphocytes and plasma cells and a few 
dilated tubules. The pancreas, prostate gland, thyroid gland, adrenals 
and the gastrointestinal tract, except for the stomach, were normal. 

No cultures were taken, but fluorescent antibody preparations of 
brain sections yielded results identical with those in known cases of 
B. anthracis infection.® 


Case 3 


ALL., a 33-year-old white male noil remover, was admitted to the Veterans Administration 
Hospital at 3:25 p.m., November 3, 1957, 35 minutes before death. Four days before ad- 
mission, the patient experienced chills, fever, cough, malaise and generalized aches and 
pains. Two days before admission he was unable to work and was seen by a physician who 
suspected Asian influenza because of an oral temperature of 104° F., slight coryza, non- 
productive cough and diaphoresis. The day before entry he seemed improved, but on the 
day of admission there was tightness of the chest, although temperature and blood pressure 
were normal. Rales were heard over the upper lobes of both lungs. He became dyspneic, 
cyanotic, and agitated and was rushed to the hospital. A direct laryngoscopy was performed 
which revealed a clear airway with a red, injected, but not edematous mucosa. Oxygen and 
symptomatic treatment were administered, but breathing slowly diminished to extinction 
in spite of artificial respiration. 


Necropsy examination was begun approximately one hour after death. 
(M.K.) The body was well developed and nourished, with dependent 
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lividity but without rigor mortis. The skin was free of hemorrhage, rash, 
or ulceration. A small, superficial abrasion was noted on one hand. The 
subcutaneous tissues were slightly edematous. Each pleural cavity con- 
tained approximately 400 cc. of clear yellow fluid, but there was no excess 
fluid in either the peritoneal or pericardial cavity. No adhesions or 
masses were noted. Some areas of hemorrhage were seen on the serous 
surfaces of the lungs and the parietal pleura. The heart weighed 320 gm. 
and did not appear remarkable. 

The tissues of the posterior mediastinum were markedly hemorrhagic 
and edematous, more pronounced on the right side. The tracheobronchial 
lymph nodes at the bifurcation of the trachea were enlarged, hemorrhagic 
and edematous. The larynx, trachea and major bronchi were carefully 
examined because of the possibility of obstruction by a foreign body. 
Other than an injected mucosa, no abnormalities were encountered, and 
the entire tract was free of erosions or exudate. The lungs presented a 
mottled appearance. Foci of frank hemorrhage with lobular distribution 
were interspersed with regions that appeared edematous. 

The spleen (150 gm.) and the liver (2,100 gm.) appeared congested. 
In several regions the serosa of the ileum assumed a hemorrhagic, 
edematous appearance. When the intestine was opened, the mucosa in 
these areas seemed congested and thickened. The related mesenteric 
lymph nodes were not prominent. 

The brain weighed 1,400 gm. Subarachnoid hemorrhage covered its 
entire surface, and on section, intense congestion of blood vessels was 
noted throughout. 

No gross abnormalities were seen in the thyroid, pancreas, adrenal 
glands, genito-urinary tract, or the remainder of the alimentary tract. 

Microscopic examination revealed moderate hemorrhage and edema 
of the lamina propria of the trachea and proximal bronchi. At the bifur- 
cation of the trachea, the mucous membrane was intact although the 
adjacent connective tissue and lymph nodes were hemorrhagic and 
edematous (Fig. 7). A somewhat comparable picture was seen at the 
hila of the lungs (Figs. 8 and 9). Some of the adjacent lymph nodes 
were intact, with slightly dilated sinusoids, whereas others were almost 
completely destroyed and supplanted by massive hemorrhage and ac- 
cumulated neutrophils (Fig. 10). Large gram-positive bacilli in short 
chains were found admixed with the hemorrhage. One minute focus of 
superficially ulcerated bronchial mucosa was found, unaccompanied by 
organisms. The blood vessels of the lungs were markedly congested, and 
many alveoli were filled with edema fluid or blood. Gram-positive bacilli 
and cocci were present in some of the alveoli. There were a few focal 
accumulations of neutrophils, but no frank pneumonia was seen. 
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Sections taken through the hemorrhagic regions of the ileum revealed 
a loss of mucosa, with masses of neutrophils and many bacilli. The sub- 
mucosa was hemorrhagic and edematous, and blood had dissected along 
the adventitia of vessels to extend between the serosa and the muscle 
(Fig. 12). 

The spleen was congested; there were foci of hemorrhage, and the 
architecture was ill-defined because of a reduction in the numbers and 
size of malpighian follicles (Fig. 11). The architecture of the liver was 
distorted by an increase in the periportal connective tissue. The inter- 
lobular bile ducts were increased in number and surrounded by small 
round cells. The sinusoids were dilated and contained bacilli. 

Except for focal duct hyperplasia, the pancreas was normal. The 
kidneys were congested, and bacilli were found in the blood vessels. 
There was focal tubular atrophy in the testis. 

The surface of the brain was markedly hemorrhagic, with numerous 
neutrophils and anthrax bacilli. The hemorrhage had dissected deeply 
into the brain along the Virchow-Robin spaces. 

The small abrasion of the hand lacked the hemorrhage, edema and 
bacilli of a primary cutaneous anthrax lesion and contained small num- 
bers of neutrophils and a few cocci. 

The thyroid, adrenals, urinary bladder, prostate, and the gastro- 
intestinal tract, except for the ileum, were normal. 

Bacillus anthracis was cultured from the right lung and the meninges. 
The lung cultures also grew a nonhemolytic streptococcus and a group 
III Staphylococcus aureus. (Mr. Walter Ordway carried out the cultural 
studies in this case.) 


DISCUSSION 


Anthrax has been described since Biblical times.* It was the first 
disease proved to be caused by an identified bacterial agent.° Knowledge 
of the organism gave origin to the science of bacteriology by virtue of 
Koch’s postulates,® and provided the basis for the discipline of immu- 
nology through the medium of Pasteur’s demonstration of the protective 
action of vaccination with living attenuated cultures.” Despite this im- 
posing history, a complete understanding of the disease is lacking, par- 
ticularly that form occurring by the respiratory route. Until recent tech- 
niques were devised to permit controllable exposure of experimental 
animals to doses of known concentration and of predictable size,*® little 
has been added to our knowledge of this disease since extensive reports 
on “woolsorters’ disease” ?° and “ragpickers’ disease” ™* published in the 
late roth century. 

The pathogenesis of the inhalation form is of particular interest be- 
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cause of the extreme severity and fulminating course of anthrax acquired 
by this route in contrast to the relatively benign course of the easily 
identified cutaneous form. Conflicting opinions have been presented re- 
garding the exact portal of entry of organisms in inhalation anthrax, the 
subsequent pathogenesis of the disease, and the actual pathologic find- 
ings in fatal cases. Various writers, reasoning by analogy with cutaneous 
lesions in man, and interpreting any mucosal interruption as a primary 
focus, suggested that the inhaled spores penetrated the mucosa of the 
tracheobronchial tree.’* Following penetration, the spores were thought 
to germinate and thus establish a local lesion comparable to that seen 
in the skin. Subsequent to this, “anthrax pneumonia” was stated to occur. 

Experimental work of the last few years has rendered this view un- 
tenable. Young, Zelle and Lincoln** and Barnes** found evidence in 
experimental animals to support the opinion of Eppinger," based on 
observation of human cases. It was Eppinger’s concept that spores were 
removed from the alveoli and transported by way of the lymphatics, 
where germination occurred. Ross,’* in recent work on guinea pigs, 
demonstrated, by means of elegant staining techniques, the passage of 
spores in macrophages to draining lymph nodes. Although germination 
of spores might occur en route, most vegetative forms were not liberated 
until their arrival in lymph nodes. The nodes most frequently and 
severely affected were those draining the portal of entry. In the case of 
inhaled spores, these were the hilar lymph nodes or those at the bifurca- 
tion of the trachea and in the mediastinum. Multiplication of bacteria 
resulted in necrosis and disruption of the architecture of the lymph 
nodes. Involvement of paranodal tissues resulted most frequently in a 
mediastinitis characterized by massive edema, hemorrhage and focal 
suppuration. 

The presence of organisms in the blood stream within 24 hours after 
exposure has been demonstrated in chimpanzees.’® Although the bac- 
teremia did not necessarily herald the onset of septicemia and death, the 
early dissemination could account for secondary foci occurring in fatal 
human cases, including those reported here (case 1, thyroid; case 2, 
meninges; case 3, meninges and ileum). The absence of hemorrhage 
and necrosis in lymph nodes draining an affected region thus argues in 
favor of a blood-borne dissemination rather than a primary portal of 
entry. The pathologic features, excluding those believed due to the 
distribution of organisms, were qualitatively remarkably similar in cases 
1 and 3 to those found in chimpanzees dying after exposure to inoculation 
by the respiratory route. Despite careful search, no ulcerative lesions of 
the respiratory tract comparable to those found in the skin were ob- 
served. It is conceivable that spores could lodge in a focus primarily 
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ulcerated by an unrelated injurious agent and thus establish a super- 
infection with B. anthracis. 

Spores deposited in tonsillar crypts or other cul-de-sacs might give 
rise to local lesions from which dissemination could occur. The hemor- 
rhagic, edematous laminae propriae of the trachea and bronchi observed 
both in the experimentally induced disorder and under naturally occur- 
ring conditions in human subjects, however, suggest that a further ex- 
tension of the process might have resulted in secondary ulceration if 
death had not occurred. Thus, the lesion found at necropsy in the region 
of the tracheal bifurcation could be secondary to established lesions 
rather than an indication of the primary portal of entry. 

“Anthrax pneumonia” as such has not been demonstrated micro- 
scopically in experimental animals or human patients. When pulmonary 
abnormality is present, it is characterized by edema and by hemorrhage 
due to increased permeability of capillary walls, and is attributable to 
the effects of septicemia rather than localization of bacilli. This would 
appear to be a late and variable manifestation of the disease since in 
case 1 there was no hemorrhage in alveoli although in cases 2 and 3 this 
was present. None of these cases showed as much hemorrhage as was 
apparent in 2 of the 3 chimpanzees previously reported.*® 

There is no clear explanation as to why meningitis and other mani- 
festations of dissemination should develop. Although the brain in case 
I was not examined, the presence of clear spinal fluid suggested that there 
was no meningeal involvement. This was the case in the 3 experimentally 
infected chimpanzees but is in marked contrast to case 2, in which hemor- 
rhagic meningitis was the major expression of the disorder, and case 3, 
in which there were meningitis, mediastinitis, and ileal ulcerations. In 
case 1, in addition to mediastinitis, there was extensive involvement of 
a thyroid adenoma with hemorrhage, ederna, and an acute inflammatory 
reaction. The reasons for this are not clear but may be attributable to 
local anatomic variations. The fact that in case 2 there were few lesions 
attributable to B. anthracis other than meningitis suggests that the 
meninges were affected by early dissemination and that antibiotic ther- 
apy may have minimized the other manifestations of septicemia. 

The mechanism of death from anthrax septicemia still is not clear. 
Smith, Keppie and associates,’** working with guinea pigs, demon- 
strated that sterilized blood from animals in which a critical concentra- 
tion of organisms per ml. of blood was exceeded could cause death when 
introduced into normal animals. It was their opinion that death resulted 
from the effects of “secondary shock” attributable to blood and fluid 
loss caused by a toxin elaborated by B. anthracis. Ross *° reported that 
kidneys from both series of animals showed lesions resembling those of 
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“ower nephron nephrosis.” It is a puzzling fact that neither in the human 
cases here reported, nor in chimpanzees,’® monkeys, guinea pigs, mice, 
or cattle *? were comparable lesions found. This, however, does not mini- 
mize the probability that the effects of disseminated B. anthracis are 
caused by a toxin. 

In the cases reported, a search was made for a common morphologic 
feature which might conceivably have predisposed to infection with 
anthrax. No such factor was recognized. It is noteworthy that in each 
instance the onset was insidious, the clinical manifestations were obscure, 
and the course of the disease was fulminating. Recognition of the nature 
of the illness is extremely difficult and is rarely made prior to death. 

The pathologic alterations observed support the following conclusions 
regarding pathogenesis, based in turn on previously reported experi- 
mental work: 

1. Anthrax spores contained in small particles (5 » or less) are de- 
posited in alveoli where phagocytosis by large mononuclear cells is fol- 
lowed by transport across alveolar walls to regional lymph nodes via 
lymphatic channels. 

2. Although germination of some spores may occur en route, matura- 
tion usually eventuates after deposition in lymph nodes. Multiplication 
of vegetative forms results in necrosis and hemorrhage in the nodes, and 
organisms may spread directly to contiguous structures (mediastinum 
and the walls of the trachea and bronchi). 

3. Septicemia and dissemination of either spore-containing macro- 
phages or vegetative forms result in such secondary manifestations as 
edema, hemorrhage, meningitis, or ulceration in the alimentary tract. 


SUMMARY 


The necropsy observations in 3 fatal cases of “inhalation anthrax” 
in textile workers are recorded. Two of the 3 patients showed massive 
hemorrhagic mediastinitis. One of these and the third patient were found 
to have hemorrhagic meningitis. Other secondary manifestations were 
hemorrhagic thyroiditis in one patient and ulcerations of the ileal mucosa 
in another. 

No tracheal or bronchial ulcerations comparable to the lesions of 
cutaneous anthrax were detected, nor was any pneumonic process ap- 
parent. Renal lesions were not encountered. 

The observations in these cases are comparable to those in animals 
receiving anthrax spores by the respiratory route. 
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Dr. George P. Blundell, United States Army Chemical Corps, Fort Detrick, Frederick, 
Maryland, prepared the sections for microscopic examination. 


LEGENDS FOR FIGURES 


Photomicrographs were prepared from sections stained by the Giemsa stain. 
Figures 1 to 4 illustrate sections from case 1. 


Fic. 1. Mediastinal lymph node, illustrating massive hemorrhage and obliteration of 
architecture. X 11.5. 


Fic. 2. A higher power view of the section shown in Figure 1. A remnant of a follicle 
and many neutrophils may be seen. X 110. 


Fic. 3. Thyroid, showing massive edema, hemorrhage and many anthrax bacilli. 
X 200. 


Fic. 4. The hilum of the lung exhibits dissection by blood of connective tissues of 
a septum, bronchus and pulmonary artery, with impingement but not extension 
into pulmonary parenchyma. X 9.5. 


Figures 5 and 6 are from case 2. 


Fic. 5. Brain, partially fixed in formalin. Extensive subarachnoid hemorrhage ex- 
tends into the Virchow-Robin spaces. 


Fic. 6. Hemorrhage, exudate, and anthrax bacilli in the meninges. X 225. 
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Figures 7 to 12 are sections from case 3. 


7. Bifurcation of the trachea. Mucous membranes are intact, but there is mas- 
sive hemorrhage and edema of lymph nodes and the adjacent connective tissue. 
X 6.3. 


8. A bronchus at the hilum of the lung. Lymph nodes are hemorrhagic, and 
there is involvement of adjacent connective tissue with encroachment upon the 
bronchial wall. X 9.5. 


g. A higher power view of the section shown in Figure 8. There are extensive 
edema, scattered red blood cells, and dilated lymphatics in the lamina propria. 
The epithelial layer is intact. x 45. 


10. Lymph node with architecture obliterated. The capsule and adjacent 
adipose tissue exhibit a purulent exudate. X 115. 


11. A representative section of the spleen, illustrating the disrupted architec- 
ture. X II5. 


12. Ileum. Massive edema and hemorrhage are present in the submucosa and 
extend to the serosal surface. At the upper left, dissolution of the mucosa has 
begun. X 20. 
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EXPERIMENTAL CARCINOGENESIS IN THE DUCT-LIGATED 
AND ARTERY-LIGATED SUBMAXILLARY SALIVARY GLAND 
OF THE RAT 


Samuet M. Sranoisn, D.DS., MS., anp Wittiam G, SuHarer, D.DS., MS. 


From the Department of Oral Pathology, 
Indiana University School of Dentistry, Indianapolis, Ind. 

The potentiality of rat submaxillary salivary gland duct epithelium 
for undergoing metaplasia and malignant neoplastic transformation 
under chemical carcinogenic stimuli has been well established.** Pre- 
vious investigations have clearly demonstrated that ligation of the sal- 
ivary gland duct *™ and artery ** induces changes which are unique in 
many respects and simulate the early response of the gland to the im- 
plantation of carcinogens. The present study was carried out to establish 
whether carcinogenesis occurred more readily in submaxillary salivary 
glands after ligation of ducts and arteries. 


EXPERIMENTAL METHODS 


Weanling male albino rats of the Sprague-Dawley strain were used 
throughout the study. Ligation techniques and preparation of the car- 
cinogen pellets have been described previously.*™ 


Duct Ligation-Carcinogen Investigation 


The right submaxillary and sublingual salivary gland ducts were 
ligated in 60 animals under Nembutal ® (pentobarbital sodium, Abbott 
Laboratories, North Chicago, Illinois) anesthesia. The gland was re- 
positioned, and a previously prepared 2 mm. pellet of 7,12-dimethylbenz- 
(a)anthracene (Distillation Products, Division of Eastman Kodak Com- 
pany, Rochester, New York) in water-soluble Carbowax (Carbide and 
Carbon Chemicals Company, New York City) was inserted in a stab 
wound “pocket” created in the lower pole of the submaxillary gland. 
Controls consisted of 58 animals in whom the carcinogenic agent was 
implanted without duct ligation. The rats were sacrificed at 5, 6, 7, 8, 
12 and 18 weeks after the respective operative procedures in both groups. 
The salivary glands were removed and prepared for histologic examina- 
tion in the usual manner. 


This investigation was supported by research grant C-2622 from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service. 
Received for publication, July 27, 1957. 
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STANDISH AND SHAFER 


Artery Ligation-Carcinogen Investigation 


A previous study * has indicated that following arterial ligation, sal- 
ivary glands undergo initial infarction, after which reversible squamous 
metaplasia of duct epithelium appears 5 to 14 days postoperatively. The 
present investigation was designed so that the carcinogen was implanted 
at the height of the squamous metaplastic activity. Accordingly, the 
arteries of the right submaxillary and sublingual glands in 27 animals 
were ligated. After an interval of 12 days, 7,12-dimethylbenz(a)anthra- 
cene pellets were implanted in the right submaxillary gland of 19 of these 
animals; the remaining 8 rats served as artery-ligated controls. A con- 
trol group of 17 animals had implantation of the carcinogenic agent 
without prior operation. 

The rats were sacrificed 18 weeks after carcinogen implantation, and 
the salivary glands were prepared for histologic examination. Five ani- 
mals with arterial ligation but without implantation were sacrificed 12 
weeks after the ligation; the remaining 3 rats were sacrificed at the con- 
clusion of the experiment. 


RESULTS 
Duct Ligation-Carcinogen Investigation 


Squamous metaplasia of duct epithelium was noted in 31 of 58 control 
animals with carcinogen implantation and in 34 of the 60 rats with both 
duct ligation and implantation of carcinogen. Evaluation of the meta- 
plastic epithelium revealed 10 epidermoid carcinomas in the group with 
carcinogen implantation and 12 epidermoid carcinomas in the group with 
carcinogen implantation and duct ligation (Fig. 1). An additional 4 
carcinogen implantation controls and 1 rat with duct ligation and im- 
plantation demonstrated histologic alterations which were classified as 
carcinoma in situ. In the animals with duct ligation and carcinogen, 
tumors were found at each period of sacrifice except at 6 weeks. Com- 
parison of the two groups revealed no remarkable differences in the 
incidence of tumor induction or in the latent periods required for malig- 
nant transformation. The epithelial neoplasms in both groups were de- 
rived from ductal epithelium, and no difference in degree of malignancy 
could be established. 

Other tumors not arising from salivary gland parenchyma included 
a rhabdomyosarcoma in a control animal, a fibrosarcoma as a collision 
tumor with an epidermoid carcinoma in the experimental group, and a 
triple collision tumor consisting of a fibrosarcoma, a rhabdomyosarcoma 
and an epidermoid carcinoma also found in an animal with duct ligation 
(Figs. 2 and 3). 
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The association of the features of ductal squamous metaplasia and 
duct ligation was remarkably consistent. In the group with ligation, 43 
animals showed evidence of duct ligation in the sections, and 29 of these 
also exhibited metaplasia (Fig. 4). In the control group there were 31 
animals with duct ligation features; 27 of these had concomitant meta- 
plasia. While serial sectioning was not carried out, it is possible that duct 
trauma occurred at the time of carcinogen implantation in the 4 animals 
which showed duct ligation features without metaplasia. 

Conversely, 3 animals in the control group and 5 animals in the group 
with duct ligation exhibited squamous metaplasia without duct ligation 
features. In each case, massive necrosis or tumor caused obliteration of 
the affected gland. 


Artery Ligation-Carcinogen Investigation 


The control animals with arterial ligation alone exhibited central in- 
farction, squamous metaplasia of duct epithelium, connective tissue re- 
placement of portions of the necrotic regions and, in the sublingual gland, 
atypical repair with the appearance of eosinophilic “reparative” cells 
which were not mucus producing ™ (Fig. 5). The presence of one or 
all (except squamous metaplasia which disappears after two weeks) of 
these features in the experimental group was considered a priori evidence 
that the artery had been successfully ligated. All of the animals with 
artery ligation and carcinogen implantation except one exhibited the 
above features. The exception was an instance in which massive tumor 
obscured the entire gland. None of the glands with carcinogen implanta- 
tion alone showed these alterations. 

Sections of the glands with both arterial ligation and implantation of 
carcinogen revealed 7 epidermoid carcinomas of ductal origin (Fig. 6). 
One of these tumors occurred as a triple collision tumor with a fibro- 
sarcoma and a rhabdomyosarcoma, and one other epidermoid carcinoma 
occurred in conjunction with a fibrosarcoma. In each of the tumor- 
bearing animals of this group, the neoplasms arose in the wall of an 
epidermoid cyst. 

The group of animals with carcinogen implantation alone presented 
4 epidermoid carcinomas of ductal origin. Each of the tumors arose in 
the wall of an epidermoid cyst. Supporting tissue tumors were not ob- 
served in this group. 

Comparison of the neoplasms induced in the two groups revealed no 
remarkable histologic differences since all lesions were malignant, with 
numerous atypical mitotic figures and bizarre, deeply staining cells. Each 
tumor was keratin-producing to a varying degree. It was noted that some 
neoplasms in each group exhibited marked invasion, with offshoots of 
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neoplastic cells extending from the parent cyst. In these areas, as a rule, 
less keratin was produced, and the cells appeared to be more malignant. 
There was some residual capacity to form duct structures, the pattern 
suggesting adenocarcinoma of salivary gland origin (Figs. 6 to 8). These 
features were observed in two animals with arterial ligation and car- 
cinogen implantation and one control animal with implantation alone. 
The remainder of the neoplasms were typical squamous epidermoid 
carcinomas with keratin production. 


DISCUSSION 


Junqueira’ and Valeri?” have reported that the alterations induced 
by duct ligation in the submaxillary glands of mice were of atrophic 
rather than degenerative nature, as evidenced by the ability of these 
glands to respond to stimulation by testosterone. Further, Junqueira 
and Rabinovitch * showed that these changes are reversible even after 
one year if the ligature is removed. Bolden and Sreebny ® noted a marked 
reduction in proteolytic activity in extracts from submaxillary glands 
with duct ligation. 

In the present investigation, duct ligation did not influence the latent 
period for malignant transformation, the degree of malignancy, or the 
incidence of tumor induction in glands containing carcinogen, as com- 
pared to glands without ligated ducts but with carcinogen implantation. 
Since the gland with duct ligation was reduced in total volume and ex- 
hibited a relative increase of ducts per unit area of gland, it would ap- 
pear that the chances of an optimum mass of the carcinogenic agent 
coming in contact with larger numbers of these ducts was thereby in- 
creased. Therefore, the failure of the gland with duct ligation to be more 
susceptible to tumor induction may constitute confirmatory evidence 
of the reduced metabolic activity in these cells. The possibility also 
exists that testosterone or some other agent might increase the poten- 
tiality of glands with duct ligation for malignant transformation by in- 
creasing their metabolic activity. 

Arterial ligation in the submaxillary salivary gland likewise had no 
marked influence upon tumor induction with the carcinogenic agent 
used. While more tumors occurred in the glands with arterial ligation and 
carcinogen implantation than in those with carcinogen implantation 
alone, the difference was not remarkable. It was possible that the meta- 
plastic epithelium was susceptible to tumor induction, and that this 
effect could be augmented by the increased ratio of carcinogen to the 
volume of the gland. It was also conceivable that the presence of meta- 
plastic epithelium at the time of im lantation and the apparent reduc- 
tion of metabolic activity in the face of infarction might constitute con- 
tributing factors. 
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The overall incidence of neoplasms in all groups corresponded to the 
incidence noted in a previous study utilizing 7,12-dimethylbenz(a)- 
anthracene ® as a carcinogen. 


SUMMARY AND CONCLUSIONS 


Carcinogenesis in submaxillary salivary glands with and without liga- 
tion of ducts or arteries has been compared with regard to the effect of 
ductal obstruction, incidence of neoplasm production, tumor induction 
time, and degree of malignancy. Duct ligation was almost invariably 
associated with metaplasia or neoplasia in glands containing implanted 
carcinogen. The metaplastic epithelium provoked by duct obstruction 
was not necessarily potentially neoplastic. 

Duct or artery ligation had no significant influence upon the incidence 
of neoplasm or the degree of malignancy in salivary glands in which 
7,12-dimethylbenz(a)anthracene had been implanted. The comparative 
increase of duct structures per unit volume in glands with ligated ducts 
and the appearance of metaplastic epithelium following arterial ligation, 
features which were considered to constitute optimum conditions for 
tumor induction, were thought to be negated by the reduced metabolic 
activity in the injured glands. 
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LEGENDS FOR FIGURES 


All photographs were prepared from sections stained with hematoxylin and eosin. 

Fic. 1. There is neoplastic activity in the wall of a keratinized cyst. Note the varia- 
tion in the size and staining of cells. X 450. 

Fic. 2. A fibrosarcoma exhibits marked mitotic activity. Elsewhere in the same 
specimen, rhabdomyosarcoma and epidermoid carcinoma appeared as collision 
tumors. X 450. 

Fic. 3. Another area in the section illustrated in Figure 2. The large bizarre cells re- 
semble malignant muscle cells. X 450. 


Fic. 4. Duct ligation features are characterized by an apparent increase in the 
number of duct structures at the expense of acinar tissue. While these findings 
constitute histologic evidence of successful duct ligation, similar alterations are 
also observed in rats whose gland ducts are not ligated but in whose gland 
carcinogen has been implanted. This results in squamous metaplasia and obstruc- 
tion of distal ducts. X 100. 
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5. Sublingual gland after arterial ligation, showing eosinophilic “reparative” 
cells. These cells are invariable concomitants in successful ligation of the arterial 
supply to the gland. x 460. 

6. An epidermoid carcinoma in a submaxillary gland after arterial ligation and 
implantation of carcinogen. The lesion is an especially invasive projection from 
a purely squamous carcinomatous focus. In this area, a tendency to form cords 
is noted. X 450. 


7. Malignant tumor in a submaxillary gland after arterial ligation and implan- 
tation of carcinogen. There is a reduced tendency to produce keratin in these 
malignant neoplastic foci although a keratinized mass can be seen in the lower 
left field. X 


8. Higher magnification of the tumor shown in Figure 7. A tendency to form 
ducts is apparent. Elsewhere in the same specimen, the tumor had the typical 
pattern of epidermoid carcinoma. X 450. 
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